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Abstract

We will show that ability of information processing in an amoeboid organism is higher than we
had thought. The model organism is the plasmodium of Physarum polycephalum (true slime mold),
which is a large aggregate of protoplasm with many nuclei. The organism found the optimal path
when it obtained the multiple locations of food. A simple mathematical model for the path � nding
was proposed in terms of di� erential equations. As well as the path-� nding ability, the organism
was able to anticipate the next timing of periodic climate change after experienced some periodic
changes of climate, and to show a kind of behaviors that seemed to be 　‘ indicisive ’when it
encountered the presence of a chemical repellent, quinine. We indicated that simple dynamics was
enough to reproduce these observed behaviors. Mathematical modeling is helpful to understand the
mechanism of behavioral smartness in slime mold. The behavioral smartness can be based on motion
of viscoelastic body, so we discuss rheological description of smart behavior.

1 Introduction

Cells are the elementary units of all organisms and the simplest living systems. They sense the surrounding
conditions and take a suitable action in response. Studies of single-celled organisms in contradictory
situations have revealed smart behavior.

Two basic questions are posed regarding the smart behavior at the cell level: (1) What is the extent
of this capacity? (2) What is the equation of motion used? In this presentation, we shed light on a few
types of smart behaviors and mathematical model of motion in the good model organism of Physarum
plasmodium. Plasmodium is a large aggregate of protoplasmic sol and gel. This organism just looks like
a blob of slimy material but it is alive and behaves in a smart way. The third question may arise then:
(3) What is the material basis that realizes the smartness? We hope to discuss some rheological aspects
of the mathematical models[1, 2, 3, 4, 5].

Figure 1: Picture of the plasmodium of Physarum polycephalum, which migrates on the agar plate. Scale
bar: 1 cm.

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1



2 Amoebal design for multi-functional network[7]

Design principle for communication networks including traffic transportation, information highway and
power cable is needed in modern industrial world. A public transportation network, for instance, is
required to meet the multiple requirements: short total length of network and tolerance of accidental
breakdown of connecting lines. But it is in principle difficult to obtain a good solution because of
exponential explosion of computational time in a combinatorial optimization problem of this kind. We
report here that a well-designed network of railway transportation is simulated by an amoeboid organism
of true slime mold Physarum polycephalum. When many small food sources were presented at various
positions corresponding to geographical locations of cities, the plasmodium made a tube network among
the food sources, which satisfies all of the requirements. Comparing the real railway network with
Physarum network, functional similarity was found between them even though they were totally different
systems. The Physarum networks showed a rich variety over a wide range of total length and included
the railway network as one of them. A common mechanism of development should be noticed. That is
adaptability: each path is more likely to grow as more traffic flows through it. A simple mathematical
model reveals a core mechanism of self-organization of multifunctional network through the adaptability.

3 Amoebae anticipate periodic events[6]

Anticipating and recalling events are higher functions performed by the brains of higher animals. But
their evolutionary origin and the way in which they are self-organized remain open questions. We show
that an amoeboid organism can anticipate the timing of periodic events. The Physarum plasmodium
moves rapidly under favorable conditions, but stops moving when transferred to less-favorable conditions.
Plasmodia exposed to unfavorable conditions, presented in three consecutive pulses at constant intervals,
reduced their locomotive speed in response to each episode. When subsequently subjected to favorable
conditions, the plasmodia spontaneously reduced their locomotive speed at the time point when the next
unfavorable episode would have occurred. This implied anticipation of impending environmental change.
After this behavior had been evoked several times, the locomotion of the plasmodia returned to normal;
however, the anticipatory response could subsequently be induced by a single unfavorable pulse, implying
recall of the memorized periodicity. We explored the mechanisms underlying these behaviors from a
dynamical systems perspective. Our results hint at the cellular origins of primitive intelligence and imply
that simple dynamics might be sufficient to explain its emergence.

4 Contemplative behavior when encountering a toxin[8, 9]

It has recently been reported that even single-celled organisms appear to be“ indecisive” or“ con-
templative”when confronted with an obstacle. When the amoeboid organism Physarum plasmodium
encounters the chemical repellent quinine during migration along a narrow agar lane, it stops for a period
of time (typically several hours) and then suddenly begins to move again. When movement resumes, three
distinct types of behavior are observed: The plasmodium continues forward, turns back, or migrates in
both directions simultaneously. Here, we develop a continuum mathematical model of the cell dynamics
of contemplative amoeboid movement. Our model incorporates the dynamics of the mass flow of the
protoplasmic sol, in relation to the generation of pressure based on the autocatalytic kinetics of pseu-
dopod formation and retraction (mainly, sol-gel conversion accompanying actin-myosin dynamics). The
biological justification of the model is tested by comparing with experimentally measured spatiotemporal
profiles of the cell thickness. The experimentally observed types of behavior are reproduced in simula-
tions based on our model, and the core logic of the modeled behavior is clarified by means of nonlinear
dynamics. An on-off transition between the refractory and activated states of the chemical reactivity that
takes place at the leading edge of the plasmodium plays a key role in the emergence of contemplative
behavior.
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5 Concluding remarks[10]

The behavioral smartness at the cell level was described. A mathematical model was proposed and
reproduced the main features of the observed behavior. The study of the rheology of mixtures of sol and
gel will be challenging in the future in relation to self-organization of the ability of smart behavior or
ethological intelligence at the cell level.
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ABSTRACT

In this study, we stimulated the formation of capillary-like structure from human umbilical vein endothelial cells 
(HUVEC) by using prolyl hydroxylase inhibitor (PHi) and sphingosine 1-phosphate (S1P) in the presence of fibroblasts 
as mediating cells in microfluidic devices. Alone, either PHi or S1P is able to induce sprouting but together, they 
synergized and promoted a complex lumenized capillary-like network structure. With microfluidic devices, the subtle 
morphological differences are captured when conditioned medium from fibroblasts was used thus suggests that 
endothelial and fibroblasts cell-cell crosstalk was essential in PHi and S1P induced angiogenesis. 

KEYWORD
Angiogenesis, prolyl hydroxylase inhibitors (PHi), sphingosine 1-phosphate (S1P), fibroblasts 

INTRODUCTION
Angiogenesis is an inherently complicated biological event that requires careful orchestration of multiple cell types 

and growth factors in a temporal and spatial dependent manner [1]. With the application of microfluidic devices, the study 
of angiogenesis in a 3D environment with multiple cell type co-culture has been made possible. As such, microfluidic 
devices have been widely adopted for the creation of in vitro assays that are closer to in vivo conditions to study 
angiogenesis. Previous efforts have been dedicated to developing vessels in response to various known angiogenic factors 
such as vascular endothelial growth factors (VEGF) or certain cell types with angiogenic potential such as cancer cells 
and fibroblasts [2-4]. Our recent work develops microfluidic devices to study synergistic effects of two different 
angiogenic compounds, PHi and S1P in the presence of fibroblasts. PHis are compounds that prevent the degradation of 
hypoxia inducible factor-1α (HIF-1α) thus upregulating various angiogenic factors including VEGF as a response to the 
induced pseudo-hypoxic condition under normoxia [5]. S1P is a lysophospholipid that mediates multiple biological 
events including angiogenesis through specific cell surface G-protein coupled receptors. Previously, studies have shown 
mixed results for the interplay between HIF-1α and S1P where sphingosine kinase 1 was either the upstream regulator of 
HIF-1α or vice versa but it was confirmed that these two factors affect each other [6, 7]. On the other hand, fibroblasts 
have been reported to promote angiogenesis either through paracrine signaling via VEGF or through vascular 
stabilization [3]. Moreover, the pro-angiogenic effects of fibroblasts were even augmented by PHis as VEGF secretion by 
fibroblasts was increased when stimulated by PHis [5]. Together, we present the idea of combining PHi and S1P in the 
presence of fibroblasts for promoting angiogenesis by using in vitro microfluidic platform.   

METHODS
Device Fabrication

The polydimethylsiloxane (PDMS) microfluidic devices are comprised of two gel regions and three cell seeding 
channels with two bead trap regions to contain alginate beads in the devices. The microfluidic devices were fabricated by 
using standard soft lithography as described earlier [3]. In short, PDMS was poured into SU-8 master mold and cured for 
4 hours at 70 °C before peeling out and trimming and punching holes into features as shown in Figure 1. PDMS devices 
were autoclaved to ensure sterility and then they were bonded with cover glasses after plasma treatment for 90 s. 
Immediately, the devices were treated with 1 mg/ml poly-D-lysine (PDL) for 4 hours and then washed with sterile water 
and dried at 70 °C for 48 hours to render the surface back to hydrophobic. Collagen type I was then injected into the 
devices as 3D scaffold for endothelial cells to grow into capillary-like network. The devices are ready for cell culture after 
rehydration of cell culture channels with culture medium. 

 
Cell Culture

HUVEC were isolated from umbilical cord and kindly provided by Dr. Jerry Chan (National University of Singapore, 
Singapore). HUVEC were maintained in EGM-2mv culture medium until they were 80 % to 90 % confluent. IMR-90 
human lung fibroblasts were obtained from ATCC (Manassas, VA) and maintained in DMEM basal medium that was 
supplemented with 10 % fetal bovine serum and 1 % penicillin. IMR-90 was encapsulated in 1% alginate solution by 
using microfluidic approach as described earlier [8]. Conditioned medium (CM) was prepared by conditioning 
EGM-2mv with 0.3 M IMR-90 in 6 well plate and then CM was concentrated through dialysing with a 3 kDa filter. The 
concentrated CM was then diluted with EGM-2mv to reconstitute into concentration comparable to concentration in 
microfluidic devices. All experiments were carried out with HUVEC at passages 5 to 6 and IMR-90 at passages 16 to 18. 
Cultures were kept at 37 °C in a humidified incubator with 5 % CO2. 
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Figure 1: Schematic drawing of microfluidic device and experimental setup.  Red region represents cells encapsulated 
beads and green represents empty alginate beads. The callout with white box represents the collagen gel that enables 
growing of sprouts. The callout with green box shows that HUVECs form a monolayer on collagen gel as well as top and 
bottom of the channel. Hoechst stained nuclei (blue), rhodamine phalloidin stained actin (red) and Alexa fluor 488 
immunostained VE-cadherin (green). Scale bar denotes 50 µm  
 
Immunohistochemistry 

HUVEC and IMR-90 cells in microfluidic devices were fixed with 4 % paraformaldehyd for 15 minutes at room 
temperature followed by PBS washing, twice. Cells were then permeabilized by 0.1 % Triton X-100 for 10 minutes in 
room temperature and washed with PBS once afterwards. Cells were blocked with 0.5 % BSA blocking solution for 2 
hours at room temperature. VE-cadherin primary antibody was diluted into 1:100 and incubated with cells at 4 °C for 
overnight and then followed by incubation with Alexa Fluor-conjugated goat anti rabbit-secondary antibody in a dilution 
of 1:100 for 4 hours at room temperature. Cells were then counterstained with 10 µg/ml Hoechst and 3U/ml Phalloidin 
rhodamine for 30 minutes at room temperature. Images were acquired by using confocal microscope (OLYMPUS, 
FluoView FV1000). Images were then quantified by using Image J software (http://rsbweb.nih.gov/ij/) to count the 
number of cells, measure the skeletal length and maximum length of sprouts.    

RESULTS AND DISCUSSION
We show that the interactions between endothelial cells and fibroblasts are essential in maintaining immature sprouts 

and converting them into functional vessels with lumens and these effects are most prominent when CPX works 
synergistically with S1P as shown in Figures 2.  
 

 
Figure 2: CPX and S1P promote angiogenesis synergistically. (A) 4x phase contrast images of devices treated with only 
cell culture media (control), S1P alone, CPX alone and the combination of both CPX and S1P. Sprouts on the right side 
grow toward IMR-90 encapsulated beads. Red lines denote the approximate length of sprouts showing that CPX works 
synergistically with S1P in promoting angiogenesis as compared to the other three conditions. (B) Stitched 20x confocal 
images of Hoechst stained nuclei (blue), rhodamine phalloidin stained actin (red) and Alexa fluor 488 immunostained 
VE-cadherin (green) shows sprouts that anastomose under 8 µM CPX and 250 nM S1P induction. (C)Quantification of 
skeletal length and cell number shows that CPX is synergistic with S1P in inducing formation of longer and more complex 
network-like-structures. Scale bar denotes 100 µm. Error bars denote standard error. 
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The premature sprouts that invade into collagen gel would regress within 48 hours when they are growing towards 

empty alginate beads but the structure could be maintained and slowly turned into lumenized capillary-like structure 
when they are growing towards IMR-90 encapsulated alginate beads on the right side of the devices. The presence of 
CPX and S1P acts as stimulus for the formation of more complex and developed network within 4 days. We further 
quantified the capillary-like network structure through measuring the skeletal and maximum sprouts lengths and counting 
number of cells in the sprouts. From the quantification data, we are positive that CPX and S1P could induce more 
complex capillary network due to longer skeletal length and higher number of cells in the sprouts.  

 
As fibroblasts can secrete multiple angiogenic factors, we carry out proteomic analysis of the fibroblast-conditioned 
medium to determine if there is any difference between CPX/S1P treated and untreated fibroblasts. We observe an 
increase in the secretion of VEGF by fibroblasts when stimulated by CPX (data not shown). Previously it has been 
reported that VEGF could upregulate the expression of S1P1 receptor on endothelial cells hence promote the interplays 
between VEGF and S1P [9]. This could be the underlying mechanism for the synergy observed between CPX and S1P 
where CPX increase VEGF expression from fibroblasts and then VEGF sensitizes endothelial cells towards S1P 
stimulation which leads to increase angiogenesis. 
 

We hypothesize that paracrine effects of fibroblasts are the major contributors for the observed increase in angiogenic 
stimulus. To confirm this, we collect conditioned medium from CPX and S1P treated fibroblasts and then apply it to EC 
monoculture in microfluidic devices. Strikingly, we observe increased angiogenic events as expected, but the 
morphologies of the sprouts are distinctly different from the experiment in which ECs are co-cultured with fibroblasts. 
With conditioned medium, we observe highly irregular sprouts that are less directional and invade into the collagen gel 
collectively (Figure 3). This interesting observation demonstrates the usefulness of microfluidic devices as functional 
assays in studying angiogenesis, since these more subtle morphological differences could be easily missed in 
conventional assays. 

 

 
 

CONCLUSION
The synergistic effects of PHis and S1P are confirmed in our 3D endothelial-mesenchymal co-culture model while the 

morphological differences in fibroblast-conditioned media-induced angiogenesis also suggest that crosstalk between the 
two cell types is critical in fibroblast-mediated-angiogenesis. The combination of PHi and S1P could be further exploited 
for the application in regenerative medicine. 
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Figure 3: Morphological difference between IMR-90
encapsulated alginate beads and CM mediated 
angiogenesis. 4x phase contrast images show different 
sprouting behaviors under stimulation of CPX and S1P: 
when EC co-cultured with IMR-90 (left) and with 
conditioned medium from IMR-90 (right). Conditioned 
medium induced sprouts are irregular and less directional as 
compared to the sprouts induced by IMR-90 encapsulated 
alginate beads. Scale bar denotes 100 µm.   
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IN MICROCHANNEL
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ABSTRACT
This paper reports a development of the microfluidic device for fabrication and cultivation of contractile skeletal 

muscle tissue in microchannels. Microfluidic processes were only used to develop contractile skeletal muscle 
microtissues in microchannels. Thus, the volume of the collagen gel used to fabricate the microtissues can be defined 
precisely. The fabricated microtissues can be cultured under a more in vivo-like environment and used for higher 
throughput applications. Tunnel-like microchannels connecting 2 microchannels realized to pattern the collagen gel 
with cells and supply the medium to the cells (Fig.1). The developed microtissues in microchannels may be powerful 
tools for drug development and biological research.  

 
KEYWORDS
Cells, 3D-Cell culture, Skeletal muscle, Muscle on a chip, Electrical stimulation, Force 
 

 
 

Figure 1: Conceptual illustrations of the device. 
 

INTRODUCTION
Skeletal muscle possesses the physiological significance and outstanding characteristics. So far, some groups 

including our group have fabricated 3-dimensional (3D) cultured skeletal muscle microtissues in vitro and utilized 
them for drug screening and biological research [1-3]. Although the microfluidic devices for 3D cell culture have 
been developed for some cell types (endothelial cells, neural cells, etc), the devices for skeletal muscle cells have not 
been reported to the best of our knowledge. Previously, the skeletal muscle microtissues were fabricated by using 
microfabrication techniques and cultured in micro-wells or dishes filled with medium [3-6]. In contrast, in the 
present study, microfluidic technologies were used to both fabricate and culture the skeletal muscle microtissues. 
 
EXPERIMENT

As shown in Fig.1, the device consists of 2 microchannels for cells (μCe) and medium (μMe). They are 
connected each other by tunnel-like microchannels. Collagen solution mixed with cells are introduced into the μCe 
and solidified at 37°C. After that, medium is introduced into the μMe and cells in the collagen gel are cultured. In 
this process, tunnels play 2 roles. One is that they prevent the collagen solution from leaking into the μMe. The other 
is that they allow the medium diffuse into the gel in the μCe for cell culture. The device was made of 2 layers of 
PDMS. Micropatterned slabs were bonded to slabs without patterns (Fig.2).  

 
 

Figure 2. Top and cross-sectional views of the developed microdevice. 
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The performance of the tunnels was investigated (Figs.3 and 4). When the colored solution was introduced into 
μCe, no leakage of the solution into μMe was observed (Fig.3). To confirm the diffusion of the medium, 
FITC-labeled albumin solution was introduced into the μMe after the collagen solution was solidified in the μCe. 
The albumin diffused throughout the collagen gel within 120 min (Fig.4).  

 

 
 

Figure 3. Introduction of the colored solution into the μCe. No leakage was observed to the μMe. 
 

 
 

Figure 4.  Introduction of the FITC labeled albumin solution into the μMe of the device with collagen gel 
in the μCe. The albumin was diffused throughout the gel within 120 min (A and B). 

 
Mice skeletal myoblasts (C2C12) was cultured in the device (Fig.5). Myoblasts need to differentiate to myotubes 

to obtain contractility. The medium containing 2% horse serum was used for inducing differentiation. The collagen 
solution containing myoblasts (10^7 cells/ml) was introduced and solidified in the μCe. Then, the medium was 
introduced into the μMe. The gel started to dissociate from the inner surface of the μCe after 4 days and cylindrical 
3D micro-tissue was formed after 6 days (Fig.5A). Aligned myotubes (α-actinin positive cells) were observed in the 
microtissue (Fig.5B) and the cultured tissue in the μCe contracted in response to the applied electric stimulation 
(Fig.6).  

 
 

Figure 5. Results of cell culture in the device. A: Process of differentiation. B: Myotubes were visualized 
(Green: α-Actinin). 
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Figure 6. Cultured skeletal muscle microtissues (day6) were contracted in response to the applied 

electrical stimulation (1 and 0.5 Hz). Scale bar: 50 μm. 
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ABSTRACT
    This paper reports a simple and direct method to fabricate mesoscopic hydrogel constructs for size controlled 
pseudo-islets with MIN6 cells, a pancreatic β-cell insulinoma, via lamination of free-standing mesh patterned 
cellular hydrogel. The MIN6-laden hydrogels with three different micro-patterns were simply fabricated, 
free-standing cultured, and functionally analyzed to examine the effect of the microscale hydrogel patterns on 
pancreatic cellular growth. The presented system can be applied to an in vitro model for investigating cell and tissue 
morphogenesis in three dimensions (3D) and biofabrication of tissue constructs with microscale control of 3D 
cellular geometry, which could have great potential for the basic platform of functional pancreatic cellular assay. 
 
KEYWORDS
Pancreatic pseudo-islets, Mesh patterned hydrogel, Cellular construct, MIN6 cells, Biofabrication 

 
INTRODUCTION

Pancreatic β-cells are the principal source of hormone insulin, which maintains metabolic homeostasis. They 
proliferate and maintain in vivo as a spherical cellular group, called islets of Langerhans, that grows to 
approximately 100 μm. Therefore, both facultative in vitro β-cell proliferation and maintenance as a form of 
pseudo-islets is required for reducing a labor-intensive process and developing a cost-effective high-throughput 
assay as much as an animal model can provide a benefit. Not only was conventional hanging-drop technique 
introduced for β-cell reaggregation, but also the specialized hydrogel-based technology using optical setups has been 
recently developed to increase the biological function of pancreatic β-cell in vitro [1]. However, there are few simple 
methods for the size-controlled cellular constructs within the hydrogel platform without the cumbersome equipment. 
In this study, via fabrication of mesoscopic free-standing hydrogel platform [2], we present a simple method for 
formation of size-controlled pseudo-islets with MIN6 cells using micro-patterned hydrogel constructs, and analysis 
of their cellular function. 

 
EXPERIMENTAL

As shown in Figure 1, the free-standing cellular hydrogel was fabricated by previously reported method [2]. To 
fabricate uniform mesh patterns, a poly(dimethylsiloxane) (PDMS) replica was fabricated via two-step lithography. 
To investigate the cellular effect of microscale patterns on hydrogel, three different conditions were examined; plain, 
block, and mesh patterns. Total loaded area (A) was defined and controlled by each pattern type (Aplain = Ablock = 
Amesh) to control the volume of hydrogel precursors including a certain number of cells. 

Each PDMS substrate was modified by a plasma treatment to create a hydrophilic surface and a controlled 
volume (7~10 μL) of hydrogel precursors with MIN6 suspension (5×106 cells/mL) was introduced as a thin film 
(50~70 μm thick) by pipetting. 1% (w/v) sodium alginate in phosphate buffered saline (PBS) and 100 mM calcium 
chloride in distilled water were used. Then, the thin film of hydrogel precursor was cross-linked with a nebulized 
aerosol of gelling agent, via a nebulizer with an ultrasonic transducer. The fabricated cellular hydrogels were 
submerged into cell culture media and released from the substrate as free-standing units. Each cellular hydrogel was 
cultured with the same conventional culture media (Dulbecco's Modified Eagle Medium with 4.5 g/L glucose 
supplemented with 15% fetal bovine serum, 100 mg/L penicillin-streptomycin and 71.5 μM 2-mercaptoethanol) 
within a separated 24-well plate for 2 weeks. The secreted media were collected and frozen at −80 C during a 
free-standing static culture period. Insulin secretion measurements were performed for day 3, 6, 9 and 12 using 
Rat/Mouse Insulin ELISA kit (Millipore, MO) according to the provided instruction. Insulin secretion level per 
single cell was calculated by a relative cell number which was daily measured by cell viability assay kit (Daillab, 
Korea). 

 

 
Figure 1. Schematic of free-standing patterned cellular hydrogel fabrication. 
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RESULTS AND DISCUSSION 

To verify the microscale patterns of hydrogel, methylene blue was stained with hydrogel only (Figure 2a) and 
hydrogel containing 6 μm-sized polystyrene beads (Figure 2b) with three different patterns; plain, block, and mesh 
patterns. The consistent block and mesh patterns were indicated through an intense blue color and microbead 
dispersion within hydrogel.  

MIN6 cells were cultivated for 13 days within free-standing cellular hydrogels including three different patterns 
(Figure 2c–e). When the cells were loaded with hydrogel precursors, they were evenly distributed within the 
free-standing cellular hydrogel at day 1 (Figure 2c). In the course of time, however, cells were proliferated and took 
a controllable morphology as pseudo-islets via different molding patterns, especially mesh patterns (Figure 2e). To 
demonstrate their morphology, the cellular cytoplasm was visualized by green fluorescence (Figure 2f).  

 

 
Figure 2. Bright-field and fluorescent images of fabricated free-standing hydrogel without any pattern (plain) or 
with block and mesh patterns. Methylene blue was stained with hydrogel only (a) and hydrogel containing 6 
μm-sized polystyrene beads (b). Cellular hydrogels including MIN6 cells were cultured as a free-standing form at 
day 1(c), day 9(d) and day 13 (e). Fluorescent images using CellTracker in panel e (f). White mesh line indicates a 
pattern type. All scale bars are 100 μm. 
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Figure 3. Morphological size analysis of pseudo-islets from the fabricated free-standing cultured cellular hydrogels. 
(a,b) Bright-field and fluorescent image for pseudo-islets from the free-standing mesh patterned cellular hydrogels 
(day 13). (c) Average diameter of pseudo-islets. (d) Aspect ratio between maximal and minimal width of 
pseudo-islets (n = 60). White arrow indicates a pseudo-islet. Scale bar = 50 μm. 
 

To analyze morphology of multicellular lumps, both size and aspect ratio of multicellular units was measured via 
fluorescence images at culture day 13 (Figure 3a,b). According to their fluorescence images, most cells were 
proliferated to a self-assembly lump in the form of a pseudo-islet with plain and block patterns. On the other hand, 
they were not only proliferated to the lumps, but also taken their places at the empty spaces of the mesh patterned 
hydrogel. Although the average diameter of the pseudo-islets was comparable each pattern condition (Figure 3c), it 
was more homogeneous in the mesh patterns than that in other patterns. Moreover, the regular spherical units were 
observed more frequently in the mesh pattern than that in the block or plain patterns (Figure 3d). 

To quantitatively evaluate the biological function of pseudo-islets within the micropatterned hydrogels, both 
cellular proliferation and insulin secretion was measured according to the culture days. Insulin secretion was 
approximately equivalent at the beginning of the culture period. However, insulin releasing level per a single cell in 
the mesh patterns was constantly increased with cultivation time compared to other types such as plain pattern 
(Figure 4).  

 
Figure 4. Insulin secretion level per unit cell of MIN6 cells from the free-standing cultured cellular hydrogels with 
plain, block and mesh patterns for 12 days. 
 

CONCLUSION 

In summary, we suggested a simple method to fabricate the mesoscopically micro-patterned free-standing 
cellular hydrogel for formation of size-controlled pseudo-islets, and quantitative analysis of their cellular function. 
The proposed system could be applied to an in vitro model for investigating 3D cellular geometry and have great 
potential for the basic platform of functional pancreatic cellular assay. 
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ABSTRACT 
 We present a label-free, impedance based cell in droplet detection system. Unlike other work [1,2], this system does not 
involve the use of valves or expensive labor-intensive cell labeling. The presented platform shows for the first time simple, 
fast and all electrical discrimination between empty and cell containing droplets. This enables the downstream selection of 
single-cell containing droplets, while the electrical measurement technique allows for easy integration. 

KEYWORDS: Cell encapsulation, Droplets, Impedance, Label-free

INTRODUCTION 
 Droplet based microfluidics has become a standard platform for high throughput single-cell research and analysis. 
Therefore, single-cell encapsulation constitutes a significant part in droplet microfluidic research. However, many challenges 
still need to be tackled. As previously shown, deterministic encapsulation ensures up to 77% single-cell containing droplets 
[3]. However, a yield of 100% is not accomplished, therefore impedance based measurements are used to discriminate 
between empty and cell containing droplets. Moreover, viable and non-viable cells can be distinguished using low conducting 
(LC) buffer.  
 
DESIGN 
 The microfluidic PDMS/Pyrex device has two main components, the droplet generator and the impedance sensor. The 
droplet generator has a flow focusing junction (depth 25 μm, width 40 μm, focus-width 25 μm). The continuous phase 
consisted of hexadecane with 1% w/w oil phase surfactant. The dispersed phase consisted of PBS (1.6S/m) or isoosmolar LC 
buffer (280 mM inositol, 0.1 mM calcium acetate, 0.5 mM magnesium acetate  and 1 mM l-histidine), with or without NS-1 
cells or beads. The conductivity of the LC buffer was adjusted using deionized water to 0.009 S/m. The impedance sensor 
comprises two planar platinum electrodes with an inter-electrode distance of 30μm patterned on glass. The impedance was 
measured at 100 kHz, and 6VPP at a sample rate of 899 Hz using the HF2IS impedance spectroscope (Zurich Instruments) 
with a homemade current amplifier (fig1). 

RESULTS 
 The frequency behavior of the microfluidic chip with LC buffer and PBS, with and without cells was determined, to 
ensure that the electrical impedance measurements were performed at a frequency within the resistive plateau. Figure 2A and 
B shows the averaged results of 50 individual impedance measurements of a chip filled with PBS or LC buffer for 
frequencies from 1000 Hz to 40 MHz. These data propose that when using LC buffer, the behavior of viable cells with 
respect to the LC buffer alone is opposite to the behavior of non-viable cells. The decrease in resistance of viable cells in LC 
buffer, can be explained by the presence of the conducting cytoplasm, resulting in an increase in conductivity at the measured 
frequency, which was confirmed by Matlab simulations (fig2C) using Maxwell-Wagner theory. A simplified equivalent 
circuit model for three different situations is given in figure 3.  

 
Figure 1: A schematic overview of the measurement set-up. The microfluidic chip is connected, via a homemade current 
amplifier, to the impedance analyzer (HF2IS), which is connected to a PC and an oscilloscope. Visual inspection of the set-
up is performed via an inverted microscope connected to a high speed camera (HSC).
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 With our device, droplets containing LC buffer or PBS were detected up to 475Hz. NS-1 cells suspended in LC buffer 
were detected and can be differentiated regarding viability (fig4). Viable NS-1 cells show negative peaks, whereas non-viable 
cells show positive peaks. Furthermore, polystyrene beads suspended in LC buffer behave similar to non-viable cells (fig4). 
When a mixture of viable and non-viable NS-1 cells were suspended in PBS, only positive peaks were observed (fig4), of 
which the height of the individual peak area corresponded to cell size (not shown). Hence, by using LC buffer it is possible to 
differentiate between viability based on the peak appearances. 

 

Figure 2: A and B) The measured frequency behavior of the microfluidic chip. The lines in the graph show the average of 50 

measurements obtained with the impedance/gain phase analyzer using LC buffer with or without (non)viable NS-1 cells. The 

shaded area indicates the measurement frequencies which have been studied and the dashed line represents the frequency used 

during all subsequent experiments C) Simulation of the frequency response of the real electrical impedance of the equivalent 

circuit model with viable NS-1 cells, beads(representing non-viable cells) and only LC buffer. 

 
Figure 3:  Simplified equivalent circuit model of the microfluidic device w/o droplet, with droplet and with cell in droplet.  

In all situations, there are two double layer capacitances (Cdl), caused by the electrode-fluid interface, a parasitic 

capacitance (Cpar) and a lead resistance (Rlead). The passage of an empty droplet adds two capacitances to the model and 

when the droplet contains a cell, an additional circuit for the cell is implemented.  This is represented by the addition of two 

capacitances for the oil-buffer interface at the droplet (Cinterface), a resistance of the droplet fluid (Rdrop) and an equivalent 

circuit model for a cell. The capacitances in this simplified model of the cell are the cell membrane (Cmem)  and the 

resistance of the cell interior (Rcell).  

 
Figure 4: Impedance change of viable (n=68) and non-viable NS-1 cells (n=154), 11 µm sized beads all in LC buffer 

(n=15) and impedance change of viable and non-viable NS-1 cells in PBS (n=37). The shaded area represents data from 

LC buffer. 
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 Next, cells were encapsulated in LC buffer. Since, the LC buffer is still more conducting than the continuous phase (oil), 
the impedance signal of empty droplets decreased, resulting in negative peaks.  Cell containing droplets generated an 
increasing negative peak, in the real part of the impedance measurements, compared to empty droplets (fig5), which is in 
correspondence with our observation. Cell containing droplets can be detected up to a droplet frequency of 60Hz.   
      Future experiments are focused on increasing the operating frequency to several kilohertz, using a dedicated lock-in-
amplifier and discriminate between non-viable and viable cells in LC droplets. Furthermore, we want to detect cells in PBS 
droplets and perform downstream selection of cell containing droplets.   

 
CONCLUSION 

 This is the first time that label-free detection of cells in droplets is shown. The device enables us to measure the individual 
volume, frequency and even content of the droplets. Moreover, cells can be discriminated based on their viability.  
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Figure 5: NS-1 cell in droplet detection using RMS voltage signal and the final impedance change. NS-1 cells in LC buffer 

were detected at a droplet frequency of 40 Hz. Fact = 100kHz sample rate is 899Hz and 6 Vpp. 
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FUSION OF VACCINIA VIRUS PARTICLES WITH SINGLE CELLS –   
A KINETIC STUDY FACILITATED BY MICROFLUIDIC TECHNOLOGY  

Phillip Kuhn1, Florian I. Schmidt2, Jason Mercer2, Petra S. Dittrich1 
1Department of Chemistry and Applied Biosciences, ETH Zurich, Switzerland, 2Institute of Biochemistry, ETH 

Zurich, Switzerland 

ABSTRACT 
    We developed a microfluidic device that allows, for the first time, the kinetic investigation of the fusion of 
single vaccinia virions (VACVs) with single cells initiated by a fast low-pH trigger.   
 
KEYWORDS 
Vaccinia virus, fusion, single cells, pH, lag-time

 
INTRODUCTION 

Recent studies have revealed new insights into the entry mechanism of VACVs into host cells. [1] Although it 
could be proven that VACVs primarily use a process called macropinocytosis for internalization into endocytic 
vesicles, [2] the exact fusion mechanism of the virus with the endosomal membrane remains unknown. Results from 
bulk experiments have largely contributed to the understanding of the entry-fusion complex. However, these 
experiments might obscure virus and cell heterogeneities and often lack high temporal resolution. With the goal of 
overcoming these shortcomings, we developed a microfluidic device that allows studying the fusion of single 
VACVs with single cells. 

 
EXPERIMENT 

We used a microfluidic device made from poly(dimethylsiloxane) (PDMS) that was bonded to a functionalized 
cover glass. A 0.4 mg/ml mixture of BSA-FITC/ BSA (1:9) was microcontact printed on the cover glass before the 
bonding, which serves as a pH sensor. The remaining surface was blocked with BSA. The device incorporated 576 
hurdles for single cell trapping (Figure 1). [3]  

 

 
 

 
Figure 1: Schematic of the microfluidic device. a) A PDMS microchip is used to trap single cells labeled with the 

viruses in geometric hurdles. All fluids are sucked into the chip through a reservoir. b) Cells are trapped next to a 
spot of BSA-FITC serving as a pH-sensor. c) Side-view of the set-up. Single virus particles are imaged by two-color 
TIRF microscopy with an evanescent field of 250 nm. The cell is slightly pressed onto the glass by the buffer flow. 
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Mature virions (MVs) of a normal VACV strain and a non-fusogenic mutant strain (both labeled with a 
self-quenching concentration of R18) were bound to U937 suspension cells at 4°C. Subsequently, cells were loaded 
into the chip with a flow rate of 5 !l/min at 37°C. Cells that were not trapped in the hurdles were washed away with 
PBS.  

The fusion process was initiated by changing the pH of the buffer from 7.4 (PBS) to 5 (PBS/MES buffer), and 
imaged with two-color total internal reflection fluorescence (TIRF) microscopy. Two processes were visualized at 
the same time: (i) the fusion of the membrane by imaging the fluorescence of the membrane dye R18 that is 
de-quenched upon diffusion into the cell membrane ( exc. = 561 nm; em. > 600 nm) and (ii) the decrease of 
fluorescence intensity of the BSA-FITC spots as a consequence of the pH change ( exc. = 488 nm; em.  > 525 
nm). 

 
 

 
RESULTS 

Figure 2 shows fluorescent images of the BSA-FITC spots inside the channel. The fluorescence decreased due to 
the pH sensitivity of fluorescein. Real time pH sensing is crucial to define the exact time of buffer exchange at the 
cell immobilization site. The use of microcontact printing enables the dual use of green fluorophores within the 
experiment. If the whole surface of the glass would be covered with the pH-sensor, the very often-used fluorescent 
protein GFP could not be used as a content marker for example because the fluorophores would spatially overlap.  

 
 
 

 
Figure 2. Microcontact printed BSA-FITC spots are used as a pH sensor. The graph shows the decrease of 

fluorescence intensity on the spots due to a change of pH from 7.4 to 5. The data was corrected for background and 
photobleaching. Fluorescence trace and inset images are acquired by TIRF microscopy. Scale bars: 10 !m 

 
 
 
Figure 3 shows a typical fusion experiment. Single virions bound to the cells can easily be identified and tracked 

over the course of fusion using TIRF microscopy. Cells are kept in position due to the buffer flow. Virus particles do 
not seem to interact in a significant manner with the BSA coated surface. Interestingly, our measurements show a 
lag-time of approximately 20 s between the pH drop and the initiation of viral fusion.  

The existence of a lag-time has been reported before for influenza virus [4,5] but not yet for VACV. The lag-time 
has been attributed to conformational changes of the fusion proteins after protonation of side chains. 

 The control experiment with the mutant VACV strain did not result in a significant increase of R18 
fluorescence after the pH change.  
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Figure 3. VACV fusion with a single U937 cell. a) t = 0: A single cell was imaged by TIRF microscopy. Single 
VACVs and clusters could be easily observed. b) t = 135 s: After initiation of the fusion, the fluorescence signal 

increased significantly due to de-quenching of R18. Some dye molecules are already diffusing into the cell membrane. 
c) t  = 540 s: The whole cell membrane is stained with R18. d) Graph of fluorescence intensities of single VACVs 
and clusters of VACVs over time (mean intensity of indicated circles). The pH recorded with the pH-sensor is also 
shown. The lag-time between pH change and visible fusion of about 20 seconds is indicated with dashed vertical 

lines. 

 
CONCLUSIONS 

The here presented microfluidic platform, allowing cell immobilization at defined positions and fast buffer 
exchange, can significantly contribute to the understanding of viral infection mechanisms. Compared to other 
platforms used for single particle measurements, our method does not require an understanding of the binding 
mechanism of the virus particles to the cell. This would be needed to use artificial liposomes or lipid bilayers as cell 
models in the fusion.  
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ABSTRACT 

We introduce a new method for carrying out In-Cell WesternTM assays relying on digital microfluidics (DMF) for 
droplet-based fluid handling and microarray scanning for high resolution image analysis. This technique is fast, 
automated, reagent efficient, and capable of quantifying protein phosphorylation at the single-cell level. We propose that 
this technique will have similar utility as flow cytometry, but with the important capacity to evaluate and visualize 
adherent cells in situ. 
 
KEYWORDS 
In-Cell Western, Digital microfluidics, immunocytochemistry, electrowetting-on-dielectric, ELISA 
 
INTRODUCTION 

The In-Cell WesternTM (ICW) is an emerging immunocytochemistry technique (trademarked by LI-COR®) used to 
quantify protein targets in intact cells, and has proven to be a powerful method for studying cellular signaling pathways 
via phospho-proteins targets.[1] Compared to conventional Western immunoblotting, the ICW requires less extensive 
sample preparation (no blotting required) and has high-throughput capacity (performed in multiwell plate format). 
Although the ICW is a promising technique, it suffers from a key limitation: the inability to resolve signals from 
individual cells. Typically, the average signal intensity of each well is acquired using a specialized ICW scanning 
instrument (100-200 µm resolution). In addition, the ICW is often labour-intensive and reagent consuming, requiring 
numerous manual pipetting steps in well plates. To address these drawbacks, we developed a unique new method for 
carrying out ICW assays that incorporates digital microfluidics and microarray imaging for the quantitative analysis of 
signaling pathways in single cells.  
 

 

 
 
Digital microfluidics (DMF) is a technology that enables the electrostatic manipulation of discrete droplets (pL to 

μL) on an array of insulated electrodes.[2] By applying pre-programmed sequences of potentials to these electrodes, 
automated droplet handling can be realized with the advantage of low-reagent consumption, individual sample 
addressability, and parallelization. These salient features have motivated the development of DMF devices for various 
applications, including the culture and analysis of adherent primary cells.[3] The new methods described here rely on 
microfabricated hydrophilic sites in the device top-plate (Figure 1A) for rapid and precise metering of reagents to cells 
grown in self-contained droplets known as virtual microwells (Figure 1B).[4] Because the microfabricated top-plate 
(bearing adhered cells) is in the format of a typical microscope slide (3” by 1”), the stained cells can be analyzed using a 
standard microarray scanner (5-10 µm resolution), ubiquitously found in molecular biology laboratories. Using DMF and 
a microarray scanner, we successfully developed a modified version of an ICW capable of determining the ratio of 
phosphorylated-protein to total protein (phos-protein/total protein) in single cells using specific primary (1o) and labeled 
secondary (2o) antibodies (Figure 1C).  
 

Figure 1: Device and method. (A) Top view of DMF device with key dimensions. (B) Side-view of DMF device, not to 
scale. (C) In-Cell WesternTM assay scheme to quantify protein phosphorylation. 
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EXPERIMENTAL 
Device fabrication and operation 

Electrode bearing bottom-plates were fabricated as described previously.[3] Hydrophilic sites were generated on the 
indium tin oxide (ITO) coated top-plate by a fluorocarbon lift-off technique. Briefly, photoresist patterns were formed by 
photolithography, followed by spin-coating with Teflon-AF (1% wt/wt in FC40, 3000 RPM, 30 sec), baking on a hot-
plate (10 min, 165 °C), then immersion in acetone until liftoff occurred (~ 5-10 sec). Devices were assembled with top-
plate and bottom-plate separated by a spacer formed from four pieces of double-sided tape (total spacer thickness 280 
µm) (Figure 1B). To drive droplet movement, an AC sine wave (~150 VRMS, 10 KHz) was applied between the top-plate 
(ground) and sequential electrodes on the bottom-plate via the exposed contact pads. 
 
DMF cell culture and In-Cell Western optimization 

Digital microfluidics was used to automate the various droplet handling steps required for an ICW assay, including 
cell seeding, ligand stimulation, incubation, fixing, permeabilization, antibody staining, and washing. Briefly, NIH 3T3 
fibroblasts of various concentrations (103 to 106 cells/mL) were delivered to the virtual microwells (1.75 mm diameter) 
(Figure 1A, B). The device was inverted and incubated at 37oC for 24 hours, allowing cells to settle (by gravity) and 
adhere to the hydrophilic site. Subsequently, the adhered cells were fixed (paraformaldehyde), permeabilized (Tween-
20), blocked (bovine serum albumin or non-fat dried milk), and stained (1o Rabbit Anti-GAPDH and 2o Anti-Rabbit IgG-
Cy3). After the final rinse, the DMF device top-plate was analyzed in a microarray scanner (Axon GenePix 4000B). 
 
On-device stimulation and analysis 

NIH 3T3 fibroblasts were seeded in virtual microwells at 105 cells/mL and stimulated with platelet-derived growth 
factor (PDGF-BB) at various concentrations and durations. After stimulation, fixing, permeabilization, and blocking, Akt 
phosphorylation was probed with two 1o antibodies: a phospho-specific antibody (Rabbit Anti-phospho-Akt) and a 
normalization antibody (Mouse Anti-Akt) that recognized the Akt regardless of phosphorylation status. These 1o 
antibodies were subsequently tagged with spectrally distinct 2o antibodies (Anti-Mouse IgG-AF647 and Anti-Rabbit IgG-
AF555); the resulting microarray images were analyzed using ImageJ. 
 

  
Figure 2: Microarray analysis of 
GAPDH staining of NIH 3T3 cells 
by DMF. (A) Microarray and 
brightfield images of cells seeded at 
various concentrations. (B) Bar 
graph of GADPH staining and 
background (2o antibody only) with 
representative microarray images in 
inset above. Fluorescent intensities 
are averaged across at least four 
virtual microwells. Data presented 
as mean +/- standard error of the 
mean. 
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RESULTS AND DISCUSSION 
As a first test, a constitutively expressed protein, GADPH, was stained and evaluated on-chip for various cell 

seeding concentrations (Figure 2A). The results demonstrated that ~105 cells/mL is ideal (not overly crowded) for simple 
single-cell image analysis, seeding about 100 cells in each virtual microwell (area of 2.4 mm2). In addition, these 
preliminary tests allowed us to optimize the ICW protocol to ensure that a sufficient signal to noise can be achieved. As 
shown in Figure 2B, the GADPH signal was significantly (at least 5x) higher than background signal (2o antibody only). 
We expect this sensitivity to improve further in single cell analysis since the background noise outside of the cells will be 
ignored. 

Using this optimized method, we investigated the phosphorylation of Akt protein (a regulator of cell survival) as a 
function of exposure to platelet-derived growth factor (PDGF-BB) in NIH 3T3 fibroblasts. As shown in Figure 3A 
(which is presented in a style similar to that of flow cytometry data), upon stimulation by PDGF-BB for 7.5 minutes, a 
majority of the cells increased in Akt activation. Likewise, as shown in Figure 3B, the Akt activation trend as a function 
of time was consistent with what is expected from the literature.[5] Finally, we evaluated the concentration dependence 
of PDGF-BB on Akt activation (Figure 3C). These results show that Akt is activated with PDGF-BB stimulation in a 
time and PDGF-BB concentration dependent manner and there exist a negative feedback loop mechanism that modulates 
Akt for higher concentration and duration of stimulation. 

The new DMF method developed here significantly reduced reagent consumption. A typical ICW well-plate assay 
requires 150 µL fixing solution, 3 mL wash buffer, 150 µL blocking solution, and 100 µL antibody solution. In contrast, 
the DMF method requires 7 µL fixing solution, 42 µL wash buffer, 7 µL blocking solution, and 14 µL antibody solution. 
This represents a 50-fold reduction in reagent consumption in the DMF method, from 3.4 mL to 70 µL. In addition, 150x 
more cells are used for an ICW well-plate assay compared to DMF (15,000 cells vs. 100 cells). Although we are 
interrogating fewer cells in the DMF method, we are able to perform single cell analysis and gain insight in the cell 
population distribution.  
 

 

 
 
CONCLUSION 

We have developed a novel quantitative ICW assay relying on microarray imaging and DMF. This technique is fast, 
automated, reagent efficient, and capable of quantifying proteins at the single-cell level. We propose that this represents 
an important new tool for single-cell analysis of molecular signaling in adherent cells in situ.  
 
ACKNOWLEDGMENTS 

We thank the Natural Sciences and Engineering Research Council of Canada (NSERC) for financial support. 
A.H.C.N. thanks NSERC for graduate fellowships, and A.R.W. thanks the Canada Research Chair (CRC) Program for a 
CRC. 
 
REFERENCES 
[1] H. N. Aguilar, B. Zielnik, C. N. Tracey, B. F. Mitchell, PLoS One 2010, 5, e9965. 
[2] M. Abdelgawad, A. R. Wheeler, Adv. Mater. 2009, 21, 920-25. 
[3] S. Srigunapalan, I. A. Eydelnant, C. A. Simmons, A. R. Wheeler, Lab Chip 2012, 12, 369-75. 
[4] I. A. Eydelnant, U. Uddayasankar, B. B. Li, M. W. Liao, A. R. Wheeler, Lab Chip 2012, 12, 750-57. 
[5] C. S. Park, I. C. Schneider, J. M. Haugh, J. Biol. Chem. 2003, 278, 37064-72. 
 
CONTACT 
* Alphonsus Ng, tel: +1-416-946-5138; al.ng@mail.utoronto.ca 

Figure 3: NIH 3T3 cells stimulated by PDGF-BB ligand. (A) Single-cell distribution of non-stimulated (blue) and stimulated 
cells (red) (n>157). (B) Time-dependent profile of Akt phosphorylation after ligand stimulation (n>128). (C) Akt 
phosphorylation as a function of ligand concentration (n>193). Data in (B) and (C) presented as mean +/- standard error of 
the mean. 
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molecule and biotinylated GFP-GST protein (Fig. 2a). The other set was avi-Q525-D and bio-Q655-K for avidin-biotin 

bindings (Fig. 2b), where biotin-PEG-biotin molecule and streptavidin-coated Q-dots were used. Specificity of bindings 

were evaluated by observing colocalizations of Q-dots after mixing in two solutions containing GSH-Q525-D and 

GST-Q655-K, or avi-Q525-D and bio-Q655-K. The bindings were also observed by sequentially introducing to a glass 

flow cell. 

 

 
 

 Colocalization of Q-dots and motility evaluation: Two pairs of molecules were assayed on the MT array to 

visualize colocalization of Q-dots caused by specific bindings of molecules. For GST-GSH system, we prepared full 

molecular complexes, GSH-Q525-D by conjugating the Q-dot 525 (10 nM) and biotin-PEG-GSH (25 nM) and then 

adding dynein (100 nM). Each molecule was conjugated by incubating the solution on ice for 15 minutes. Another 

complex, GST-Q655-K was prepared by the same protocol using biotinylated GFP-GST and kinesin. Both 

GSH-Q525-D and GST-Q655-K were diluted to 2 nM in ATP solution (1 mM) and injected on the MT array. Two 

Q-dots moved in the opposite directions following kinesin and dynein motility on MTs, and eventually some of them 

passed each other or bound at their collision. Control experiment was implemented by eliminating biotin-PEG-GSH 

molecule from the full colocalization assay.  

For avidin-biotin binding we prepared Q525-D and Q655-K. Then, we immobilized Q655-K on the MT array, and 

incubated biotin-PEG-biotin (500 nM) for 5 min sequentially. It is because premixing Q655-K and biotin-PEG-biotin to 

produce bio-Q655-K has potentially cause inhibition of avidin-biotin binding or kinesin-MT interaction. After that, 

excess molecules were eliminated and Q525-D (2 nM) was injected. Colocalization of Q-dots was observed as for the 

GST-GSH binding. Control experiment was implemented by eliminating the biotin-PEG-biotin molecule.  

In addition to the colocalization experiments, we measured velocities and run lengths (RL) of the molecular 

complexes, because it was suspected that designed molecules might disturb motility of motors.  

 

 
 

RESULTS AND DISCUSSIONS 

 The MT array was prepared on nanotracks as shown in Fig. 3a. In Fig. 3b, green and red spots represent 

GSH-Q525-D and GST-Q655-K, respectively, and they are simultaneously observed by DualView optical system. 

Focusing on individual Q-dots, we were able to identify binding or crossing of two Q-dots while moving on MTs. 

Figures 3c and 3d are the sequential images of passing and binding Q-dots. In Fig. 3c, green and red Q-dots moved in 

the opposite direction, and finally resulted in a colocalization, while, in Fig. 3d, two Q-dots passed each other.    
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For the evaluation of colocalizations on the MT array, we counted the number of passing and binding of Q-dots, and 

calculated an indicator: binding specificity in control experiments (Fig. 5). Results in control experiments are 

normalized by those in the experiments using the colocalization assay. Normalized binding specificity means that the 

lower values indicate higher specificity in the colocalization assay. Results indicate that Q-dot colocalizations were 

caused depending on specific bindings of GST-GSH or avidin-biotin. In the case of GST-GSH, specificity on MTs was 

higher than that seen without motors in a bulk solution or on a glass surface. And in the case of avidin-biotin, low 

specificity in a bulk solution was obtained. It is presumably because two biotin moieties in biotin-PEG-biotin bound to 

the surface of a Q-dot.  

We also measured velocity and RL of each complex. RL of GST-Q655-K was 4.4 µm and velocity was 0.32 ± 0.10 

µm/s (Fig. 4a). GST-Q655-K had comparable velocity and RL to Q655-K. The same comparison was done between 

Q655-D and GSH-Q655-D (Fig. 4b), and between Q655-K and bio-Q655-K (Fig. 4c). Though RL of GSH-Q655-D was 

3.9 µm, decreased by 29% compared to Q655-D, velocity was comparable (0.24 ± 0.10 µm/s for GSH-Q655-D, 0.22 ± 

0.10 µm/s for Q655-D). RL and velocity didn’t show significant differences between bio-Q655-K and Q655-K. These 

results indicate that the designed molecules did not deteriorate motility of motors. 

 

 
 
CONCLUSION 

In this paper, we demonstrated an experimental system of molecular transport and visualization of molecular 

bindings driven by motor proteins. Molecular transport by kinesin and dynein on the MT array on nanotracks was 

established using newly designed molecules. In addition, designed molecule pairs showed colocalization of Q-dots on 

the MT array. Our results indicate feasibility of molecular manipulation and reactions driven by kinesin and dynein 

motors in vitro. This is the first step toward miniaturizing µTAS to nanometer scale, which can be considered as MTAS. 
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ABSTRACT
    We performed label-free detection of real-time DNA amplification inside nanowall array structures, which have 
never realized in other techniques. The label-free and real-time detection of linear amplification of DNA molecules 
by circle-to-circle amplification (C2CA) was achieved because our label-free detection system could recognize the 
length of DNA molecules. 
  
KEYWORDS
Label-free detection, Nanostructures, Biomolecules, Diffracted light, DNA amplification.  

 
INTRODUCTION

Currently, diverse label-free detection techniques have been developed. These methods can achieve high 
sensitivity under a condition of surface immobilization of specific molecules to capture target ones; however surface 
immobilization of specific molecules before use is a major procedure and it is hard to combine the amplification and 
the time-course detection parts in parallel. To overcome these disadvantages, previously, we developed a new 
method for label-free detection of biomolecules by using the nanowall array chips, which based on the detection of 
diffracted light by nanostructures [1]. In this work, we demonstrated label-free detection of real-time DNA 
amplification. 

  
EXPERIMENT

Our detection system is based on the diffraction of the light. Briefly, the experimental setup mainly consists of a 
laser, a ND filter, a light chopper, an objective lens, a nanowall array chip, a photodiode, and a lock-in amplifier, as 
shown in Figure 1(a). We consider nanowall array structures as the diffractive grating and utilize them to diffract 532 
nm laser beam. Figure 1(b) shows the image of the detection site. As the samples amplified inside the point of 
focused laser, the intensity of the diffracted laser beam is slightly changed, and therefore, we can attain the label-free 
detection of amplified DNA molecule. 

 

 
 

Figure 1. (a) Schematic of the system for label-free detection of real-time circle-to-circle amplification (C2CA).  It 
consists of a 532 nm laser, a ND filter, a chopper, a nanowall array chip, a photodiode, and a lock-in amplifier.  (b) 
The label-free signal is derived as DNA molecules amplified inside the focused laser spot. 
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In this experiment, DNA amplification method was based on C2CA method [2]. DNA circles were not formed in 
a target-specific padlock probe ligation reaction. DNA circles were prepared by ligation of padlock probes. We used 
the DNA sequences of target gene sequences for tubercle bacilli (TS), padlock probes (PP), capture oligonucleotide 
(CO), and replication oligonucleotide (RO). The padlock probes were phosphorylated before use in the rolling-circle 
amplification. 

In Figure 2, we showed the C2CA mechanism; firstly, rolling-circle amplification (RCA) of a circular DNA 
molecule; secondly, forming double-stranded substrates for restriction digestion after adding restriction 
oligonucleotides; thirdly, digested fragments was ligated each ends, leading to DNA circles; finally, the circular DNA 
molecule is amplified again (2nd RCA). We performed real-time detection of RCA products using two 
strand-specific molecular beacon (MB) probes. 

On the other hand, DNA amplification was detected using new label-free detection system. First, we prepared the 
samples using C2CA from 1st to 3rd step. And then, we introduced them by capillary force and carried out DNA 
amplification (2nd RCA) at room temperature. To get the effective signal change, we set the photodiode to get the 
local maximum signal. A light chopper modulated the incident laser with a modulation frequency at 1013 Hz. The 
time constant of the lock-in amplifier was set to 30 seconds and data was measured at intervals of 30 seconds. 

 

 
 

Figure 2. C2CA consisted of four steps; 1st step is rolling-circle amplification of the DNA circles (1st RCA); 2nd 
step is digestion of amplified DNA molecules; 3rd step is ligation of digested molecules; 4th step is rolling-circle 
amplification (2nd RCA). 

 
RESULTS AND DISCUSSION

To elucidate a relationship between label-free signal change and photonic band gap, we demonstrated angular 
dependence of transmittance at 532nm which was laser wavelength. We could obtain the peak top of around 40° 
(Figure 3(a)). This was good agreement with the diffraction angle obtained by calculation. So we were measured 
wavelength dependence of transmittance at 40°, and investigated the relationship between signal change and the 
photonic band gap. We could not observe the photonic band gap peak at 532nm as shown in Figure 3(b).  In our 
experimental setup, the photonic band gap did not affect on any signal changes. 

Next, we could confirm that real-time DNA amplification by fluorescent signals in bulk using MB probes (Figure 
4(a)). Since we could observe fluorescence intensity derived from DNA amplification by C2CA, we performed DNA 
amplification inside the nanowall array structures. Label-free detection of real-time DNA amplification was achieved 
as shown in Figure 4(b). Obviously, normalized intensity in positive samples (1 fmol) could make a difference from 
that in negative samples. The normalized intensity in the negative samples would be due to absorption of the C2CA 
reaction mixtures on the nanowall structures.  
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Figure 3. (a) Angular dependence on transmittance at 532nm. (b) Wavelength dependence on transmittance at 40 ° 
 

 
 

Figure 4. (a) Real-time analysis of DNA amplification using molecular beacons.  As the DNA molecules amplified, 
the number of combined molecular beacons increased, resulting in higher fluorescence intensities.  (b) Label-free 
detection of real-time DNA amplification. 

 
CONCLUSIONS

We developed label-free detection of real-time DNA amplification by using our new method. In this experiment, 
we were carried out DNA amplification at room temperature and achieved label-free detection of C2CA products.  
It would be possible to carry out single DNA amplification detection in a single chip with an optimization of the 
optical system. 
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ABSTRACT 

This paper reports on electrochemical autocorrelation spectroscopy as a technique to detect ultra-low liquid flow 
rates as well as to generally study transport of small amounts of molecules in a nanofluidic channel. The molecules 
undergo pronounced number fluctuations due to Brownian motion. We measure these fluctuations electrically using 
nanogap transducers embedded in the walls of a nanochannel. When liquid is driven through the channel, also the 
fluctuations are transported at the same velocity, which we detect by performing an autocorrelation analysis of 
current-time traces obtained at the detector. Thereby we are able to determine record-low flow rates below 1 pL/min.  
 
KEYWORDS 
Nanofluidics, flow detection, electrochemical sensor, autocorrelation, redox cycling  

 
INTRODUCTION  

A sensitive flow measurement would be desirable for, e.g., the investigation of slip at liquid-solid boundaries [1], 
the transport of macromolecules through nanochannels [2] or mixing in nanofluidic chemical reactors [3]. However, 
the low flow rates that are encountered in nanofluidic systems are challenging to measure since only minuscule 
amounts of liquid are transported. For example, at a flow rate of 10 pL/min it would take over five years for a drop 
of water (30 !L) to pass through a nanochannel. The lower limit for flow rates measured with a commercially 
available system is 500 pL/min based on on-chip detection of heat transfer (SLG1430 Liquid Mass Flow Meter, 
Sensirion AG, Switzerland). Lower flow rates have been determined by optical detection of a moving liquid-air 
meniscus, either using a laser distance meter [4] or by direct observation of the filling of a channel. Liang et al. 
monitored the displacement of a water-air boundary in a microchannel downstream of a nanochannel down to a 
record low rate of 30 pL/min [5]. 
 
THEORY  

Our method is based on the detection of number fluctuations of solute molecules in a nanochannel. We measure 
these fluctuations by using electrochemical nanogap transducers consisting of two electrodes embedded in opposing 
nanochannel walls [6] (see Figure 1). The electrodes are biased to allow for redox-cycling to take place, i.e. the 
repeated oxidation and reduction of electrochemical active molecules. The molecules shuttle in between the 
electrodes by diffusion and transport several thousand electrons per second across the channel, thereby generating a 
highly amplified electrical current that is directly proportional to the number of analyte molecules present in the 
device. This number ! and the corresponding current ! fluctuate considerably in time due to random Brownian 
motion undergone by the molecules. The number density follows a Poisson distribution, and the ratio of noise to 
average number scales as !!!!! ! ! ! !! These fluctuations can therefore only be detected in nanoscale 
volumes and/or in strongly diluted solutions.  

 

 
 

Figure 1. Schematic of the measurement concept (not to scale). Low flow rates are generated by using a syringe 
pump in a parallel flow configuration, in which a micro- and nanochannel run in parallel to reduce the nanochannel 
flow by the ratio of both channels’ hydraulic resistances. Electrochemically active molecules undergo redox cycling 
at electrodes embedded in the nanochannel walls. This allows for a sensitive detection of the absolute number as 
well as number fluctuations of molecules present in the nanochannel. Flow velocities are determined by 
autocorrelation analysis of the detected current-time traces. 
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The change of the number density of molecules in the channel over time is reflected in the autocorrelation function 
! !  of current fluctuations !" ! ! ! ! ! ! ! : 

! ! ! !"!!!!"!! ! !!  
! !  is a function of the diffusion coefficient of the molecules and the channel geometry and approximately decays 
exponentially in the time that it takes for one molecule to diffuse along the detection volume [7].

When liquid is driven through the device, also the molecular number fluctuations are pushed through the 
nanochannel. Therefore, the residence times are reduced and the correlation of the current-time traces is lost at 
shorter times as the flow rate is increased. (Note that due to the high-aspect-ratio geometry leading to low Péclet 
numbers Pé < 0.1, the flow does not influence the number density and is strictly superpositioned to the diffusive 
transport.) We detect liquid flow by determining the average velocity of molecules ! ! !!!!!, where ! is the 
length of the detection area and !! denotes the time at which the correlation is lost, !!!!! ! !. I.e. if the molecules 
are transported at 50 !m/s in a 100 !m long device, all molecules in the detection volume are replaced after 2 s and 
the autocorrelation is then lost entirely.  

 
DEVICE FABRICATION AND FLOW GENERATION 

100 !m long, 5 !m wide and 50 nm high nanogap devices were fabricated on an oxidized silicon wafer as 
described previously [8]. A 20 nm thick Pt bottom electrode, a 50 nm sacrificial Cr layer defining the nanochannel 
volume and a 100 nm thick Pt top electrode were defined by optical lithography and deposited by consecutive 
electron-beam evaporation and lift-off steps. The channels were covered in a 500 nm thick SiN passivation layer, 
which was opened up at both ends of the nanochannel by reactive-ion etching to form access holes. 

Liquid was driven through the nanodevice by a syringe pump, which however cannot deliver ultra-low flow rates 
directly. We therefore used the pump in in a parallel flow configuration [5] as sketched in Figure 1: a microfluidic 
layer in polydimethylsiloxane was bonded to the device so that a 100 !m long, 5 !m wide and 3 !m high 
microchannel connected both access holes of the nanochannel. The flow was then divided in between the parallel 
nano- and microchannel according to the ratio of their hydraulic resistances. These resistances depend cubically on 
the channel height [9], and the nanochannel flow rate was reduced by a factor of approximately 270 000 with respect 
to the pump flow rate.  

  
EXPERIMENTAL 

Ferrocenedimethanol (Fc(MeOH)2 from Acros, diffusion coefficient D = 6.7 ! 10-10 m2/s) as redox-active species 
was prepared as a 1 mM solution in Milli-Q water with 1 M KCl (Sigma-Aldrich) added as background electrolyte 
together with 5 mM H2SO4 (Sigma-Aldrich) to prevent electrode degradation. Prior to measurements, the Cr 
sacrificial layer was removed and the nanochannel was released by filling the microchannels with a chromium 
etchant solution (Selectipur, BASF). The Fc(MeOH)2 containing solution was then driven through the channel with 
varying syringe pump flow rates of up to 100 !L/h. 

Both the bottom and top electrode of the device were connected to a CH Instruments 842B bipotentiostat and 
biased at 0 V and 0.5 V, respectively, to allow for redox cycling to take place. A Ag/AgCl reference electrode was 
connected downstream of the nanochannel. The whole setup was shielded from interference in a Faraday cage. 300 s 
long current-time traces were recorded with 10 ms sampling intervals at the top electrode. High-pass filtering was 
applied to remove low frequency drift.  
 

 
Figure 2. (a) Autocorrelation functions for different syringe pump flow rates determined from current-time traces 

recorded in a 100 !m long, 5 !m wide and 50 nm high nanochannel. (b) Nanofluidic flow rates as a function of the 
pump flow rate. Red circles denote experimental data that has been corrected for dynamic adsorption of analyte 
molecules at the nanochannel walls. The slope of the dashed line is an estimate of the ratio of the hydraulic 
resistances of the nano- and microchannel. 
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RESULTS AND DISCUSSION 
Figure 2a shows autocorrelation functions of the current-time traces as a function of the pump flow rate. The 

correlation is lost at shorter times 𝜏! with an increasing pump flow rate reflecting the shorter residence times of 
molecules in the device. We determine liquid flow rates by dividing the detection volume by the times 𝜏!, which we 
extrapolate from the autocorrelation function. Nanochannel flow rates obtained in this way are shown in Figure 2b as 
a function of the syringe pump flow rate (black dots). However, these rates do not reflect the actual liquid flow. Due 
to the high surface-to-volume ratio of the channel of 2 ⋅ 107 m-1, reversible dynamic adsorption of the molecules at 
the channel walls is a pronounced effect. Molecules can only move while in solution, and therefore adsorption 
effectively leads to retardation of the molecules’ average velocity with respect to the liquid flow. The fraction of the 
number of adsorbed molecules is readily extracted from the ratio of the current noise and current amplitude [10]. On 
average it amounts to 𝑁!"#/𝑁!"! = 0.66, i.e. the molecules are slowed down to 33% of the average liquid flow speed. 
Adjusted flow rates are shown as red circles in Figure 2b. They are in agreement with the expected rates (dashed 
line), which can be estimated only with a large error margin because they depend cubically on both channels’ height 
and the PDMS bulges at higher pressures [11], thus reducing the nanochannel flow nonlinearly.  

We are able to detect nanofluidic flow rates below 1 pL/min, which is well below the lowest values of 
approximately 30 pL/min reported for optical detection.  

 
CONCLUSION AND OUTLOOK 

We have used all-electric autocorrelation spectroscopy of mesoscopic number fluctuations to detect record-low 
liquid flow rates in electrochemical nanogap sensors. This method is the direct analogue to fluorescence correlation 
spectroscopy [12] and can also be used to investigate a wider range of properties such as adsorption, concentration, 
diffusion or reaction kinetics. Our measurement was performed with a comparatively high concentration of 1 mM, 
but the sensitivity of the nanogap allows the detection of concentrations well below 1 nM [13] and we envision 
studying transport of single molecules.  
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EXPERIMENTAL SECTION
The vMFP confines locally picoliters of liquids on a substrate. Its central component is a microfluidic 

chip (vMFP head), which is mounted on precision stages for scanning. The head is brought close to the 
substrate in the presence of an immersion liquid. A processing liquid is injected via an aperture,  and 
simultaneously aspirated  with some  immersion liquid,  resulting in  hydrodynamic  confinement  of  the 
processing  liquid,  Fig.  2a.  This  principle  was  used  to  locally  dewax  and  rehydrate  tissue  sections, 
followed by conventional IHC, Fig. 2b. 

Figure 2. Tissue microprocessing using a vMFP resulting in µIHC. (a) Photograph of a Si/glass vMFP head 
comprising microchannels etched in Si, and terminating at a 1 mm2 apex.  The head operates 1-30 µm above a 
substrate in the presence of immersion liquid. (b) Microscale IHC protocol for processing paraffin embedded  
tissue with the vMFP. A standard IHC method is used for visualization of the antigens involving an enzyme-
mediated chromogenic detection. (drawings not to scale)

PLATFORM, vMFP HEAD FABRICATION AND PROCEDURE
The vMFP platform used was an assembly of four functional components: (1) A vertically mounted 

microfluidic chip,  the vMFP head,  (2)  syringe pumps for liquid handling (Cetoni  GmbH, Korbussen, 
Germany),  (3)  a  computer  controlled  X-Y-Z-stage built  from motorized linear  drives  having  0.1 μm 
resolution (Lang GmbH, Huettenberg, Germany), and (4) an inverted fluorescence microscope (Nikon 
Eclipse TE300, Egg, Switzerland). The vMFP head was housed within a holder mounted to the Z-drive. 
The vMFP holder was equipped with ports  for  liquids to be pumped from or to the vMFP head via 
capillaries. A custom-made frame, attached to the X- and Y-drives was used to mount standard microscope 
glass slides (1 × 3 inches) and for enabling the movement of the sample relative to the head in X and Y 
directions. 

The vMFP heads  were  fabricated  using standard  microfabrication techniques  (photolithography,  deep 
reactive ion etching and anodic bonding). The vMFP head is a two layer (Si/glass) microfluidic device 
comprising microchannels,  vias  for  fluidic connection and a  polished edge (apex) through which the 
microchannels exit and form apertures. The apex physically supports the flow confinement and has an 
area of approximately 1 mm2. The microchannels are typically 50 μm deep and taper from 200 μm width 
at the vias to 50 μm at the apertures. Further details are presented elsewhere [1]. 

The vMFP was operated using the following procedure: The vMFP head was leveled relative to the glass 
slide comprising a tissue section and the zero position established. The vMFP head was elevated to ~50 
μm above the glass slide and after pipetting a few mL of immersion liquid (buffer) onto the surface, the 
aspiration was started with a flow rate of 5 μL min-1. After approximately 30 s, the injection with the 
antibody solution (1 μL min-1) was initiated. A stable flow confinement was formed within less than a 
minute.
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RESULTS
In adapting the vMFP for dewaxing, we developed techniques to confine immiscible liquids needed 

for  wax  removal  and  gentle  hydration  of  the  tissue  by gradually  altering  the  ethanol  concentration. 
Confining  immiscible  liquids  is  particularly  challenging  due  to  the  liquid-liquid  interfacial  tension. 
Aspirating xylene in an aqueous environment was unsuccessful having aspiration apertures (50 × 50 µm2) 
originally used for µIHC. We developed a range of strategies using different aperture dimensions and 
geometries, and found the approach of shielding xylene within ethanol, to be most suitable, Fig. 3a. Local 
dewaxing and gradual rehydration of a human normal thyroid tissue section was performed within 2 min. 
We  attribute  this  short  time  in  dewaxing  and  rehydration  to  improved  convection  compared  to 
conventional  methods.  Subsequently,  IHC against thyroglobulin and counterstaining with hematoxylin 
was performed on processed tissues, Fig. 3b.

Figure 3. Confinement of immiscible liquids and staining results. (a) Strategies to confine immiscible liquids 
such  as  xylene  within  water.  Large  aspiration  apertures  for  improved  aspiration  (1),  a  recess  for  liquid 
guidance (2), and multiple liquid confinements for shielding liquids (3) were tested. Bottom right is an image  
of confined xylene within an ethanol flow confinement surrounded by water. For visualization, both liquids  
were spiked with fluorescein.  (b) Locally dewaxed 4-µm-thick human normal thyroid section stained using  
hematoxylin (top) and analyzed with 700 µg/µL anti-thyroglobulin, TGB (bottom). 

OUTLOOK
Tissue microprocessing with the vMFP is flexible, interactive and conservative of samples. It may 

become a method of choice in tissue banks to “back-up” and minimize depletion of valuable samples 
enabling their reuse for validation of new scientific findings.
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ABSTRACT 
This study described an in-vitro wound-healing analytical system composed of a micro automated scratcher and 

an oxygen gradient micro-chamber. Cell migration assay using sharps has been used for investigating wound healing 
process, tumor metastasis, and angiogenesis formation. However, the technique is unable to control the physical size 
of scratching, because scratching is created manually by handy sharps, such as a pipette yet. For obtaining scratches 
having a contact physical dimension, this study attempted to develop a highly accurate cell-scratching instrument 
and demonstrated more efficient and precise physiologically investigation on cell migration in a gas gradient 
micro-chamber to be performed. A micro automated scratcher, composed of X, Y, Z, and θ-axes linear actuators, a 
pressure sensor, and a micro comb fabricated by a three-dimensional (3D) printer, was developed. Actuators 
controlled X, Y, Z, and θ directions, and a pressure sensor detected the contact of comb and the bottom of cell culture 
chamber. This scratcher was able to create of scratches with a 150 μm-scale width at a standard deviation of less than 
13%. This high controllability and reproducibility were able to provide a well-controlled cell scratching in an oxygen 
gas gradient chamber, which allowed cell migration to be analyzed under various oxygen tensions (0-150mmHg) 
working as a function of wound healing process in one test. As a result, a hypoxia condition from 4 to 10 mmHg was 
found to promote the closing of cell scratching caused by cell migrations. The proposed scratching system, which 
had a precise cell-scratching capability and an oxygen gradient micro device, would offer an efficient experimental 
platform for the future cell migration studies, which would contribute to drug screening, tumor translational research, 
and regenerative medicine.  
 
KEYWORDS 
Nulla, feugiat, pulvinar, diam.  

 
INTRODUCTION 

After a part of human body is wounded, endothelial cells and fibroblasts migrate to the wounded area and create 
capillaries after hemostasis in wound-healing process [1]. Oxygen is crucial for cell migration, and the oxygen 
tension is known to work as a function of the healing process. To investigate the kinetics of wound-healing process 
and screening drugs, cultured-cell surface scratching is used as a wound-healing model [2][3]. However, the 
technique is unable to control the width of scratching, because scratching is created manually by a pipette, etc. No 
efficient device, which can investigate the effects of oxygen to cells, is available. This study developed a system 
composed of a micro-scratching designer and oxygen gradient chamber using PDMS and confirmed its controllable 
and reproducible cell-scratching and cell-culturing abilities under an oxygen gradient.  

 
EXPERIMENT 

Figure 1 shows a micro automated scratcher composed of X, Y, Z, and θ-axes linear actuators, a pressure sensor, 
and a micro-comb fabricated by 3-D printer. X, Y, Z, and θ directions were controlled by the actuators, and the 
contact between comb and the bottom of chamber was monitored detected by the pressure sensors. Using this system, 
scratches having a 150 μm-scale width were created successfully (Fig. 2 and 3). The standard deviation of the widths 
was less than 13 %. The oxygen gradient chamber was made of PDMS by photolithography.  
Oxygen diffused through PDMS from the channel to the chamber, and oxygen-gradient was appeared in the chamber 
under a hypoxia condition (Fig. 4). Oxygen-tension measurement showed that oxygen gradient was able to be 
controlled by altering depending on the width of channel (Fig. 4). In order to confirm that cells were exposed to an 
oxygen gradient condition, Hypoxyprobe™ was applied to HeLa cells. Immnofluorescent intensity of cells stained 
with Hypoxyprobe® increased gradationally with increasing the distance from the channel (Fig. 5), confirming an 
oxygen-tension gradient on the surface of chamber. When the chamber has 100-, 250-, and 500-µm channels, 
fluorescent intensity saturated approximately at 8.2, 13.5, and 16.5 mm from the channel, respectively. In addition, 
distances between the channel and fluorescence points were found to be in proportion to the width of the channel. 
Using the system, the scratching of endothelial cells transfected with GFP and fibroblasts was created. After being 
created the control area closed within 12 h in Fig. 5. Using the cell scratching system and oxygen gradient chamber, 
the measurement of wound healing process at various oxygen tensions was performed. Figure 5 shows that cell 
scratching was closed time-dependently on the oxygen gradient chamber. Oxygen affected the width of 
cell-scratching in various oxygen tension at 12 and 24 h. The closing of cell scratching in hypoxia condition was 
found to be more quickly than that of normaxia condition. On the other hands, anoxia condition prevented the 
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closing of cell scratching. Therefore, hypoxia condition from 4 to 10 mmHg oxygen tension promoted the closing 
most effectively. 
 The cell migration to the scratched area was affected by oxygen tension, and hypoxia promoted the closing of area. 
The in-vitro wound-healing analytical system was able to work as an experimental platform producing 
width-controlled and reproducible cell-scratching, and allowing culture cells to grow under an oxygen-gradient 
condition. Wound-healing process was found to be a function of oxygen tension. Therefore, the in-vitro 
wound-healing analysis system was able to be readily applicable to efficient and precise studies investigating 
wound-healing process and drug screening. 
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Figure 1 In-vitro wound-healing analytical system composed of a micro automated scratcher and oxygen 
gradient chamber. (A) Schematic diagram of micro-scratching on the oxygen gradient chamber. The width 
and location of cell-scratching were controlled by (B) a micro automated scratcher composed of X-, Y-, Z-, 
and θ-axes linear actuators, pressure sensor, and a micro-comb. Various designs of micro-combs in which 
the widths of teeth were more than 150 μm were able to be created. Oxygen-gradient chamber gave an 
oxygen gradient field on the surface of culture well. 

Figure 2 Cell-scratching on endothelial cells 
transfected with GFP on a 35-mm dish. The 
widths of tooth of  a micro-comb were 150 and 
300 μm. Contact between the comb and the 
bottom of the culture dish was confirmed by the 
pressure sensor. (A) Straight cell-scratching was 
created by the scratcher. (B) θ-Axes linear 
actuator could form a circle shape scratching. 

Figure 3 The width of cell scratching by the teeth width of a comb. The width of scratching was 
able to be controlled by altering tooth the width．The standard deviation of the widths was less 
than 13 %.  
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Figure 4 Oxygen tension in the oxygen gradient chamber. Theoretical oxygen tension in the chamber was 
stimulated by software, FlexPDE. (A) Oxygen tension in the two dimensional model of sectional surface (B) The 
actual result of oxygen tension measurement obtained from the phosphorescence decay curve of porphyrin 
derivertive (Pd-TCPP). 

Figure 5 Immunofluorescence of pimonidasole in 
HeLa cells which were cultured in the oxygen gradient 
chamber. Fluorescent intensity increased with 
increasing distance from the oxygen channel.  

Figure 6 Cell-scratching on the surface of oxygen gradient chamber. Cell-scratching on the surface was 
accomplished by the micro automated scratcher. (A) The created scratching was covered with cell migration. (B) 
Images of the scratch closing. (a-1, and -2) At 12 and 24 h after scratching, normal oxygen tension (100 ~150 
mmHg)(normaxia) gave a normal cell closing status, after scratching. Middle oxygen tension (4 ~ 10 mmHg) 
(hypoxia) promoted the closing of the scratched area, comparing that in normaxia (b-1, and -2). However, 
significantly low oxygen tension (0 ~4 mmHg) (anoxia) inhibited the closing( c-1, and -2). Apparently, middle 
oxygen tension was able to enhance the closing rate.  
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ABSTRACT
This paper reports the design and use of a novel high-throughput mechanobioreactor system for multifactorial 

investigations of cell-seeded engineered microtissues. Combinatorial experiments were conducted to test the independent 
and combined effects of mechanical strain, matrix stiffness, and a biochemical factor on the expression of α-smooth 
muscle actin (α-SMA), a pathological marker, in porcine aortic valve interstitial cells (VICs). We found that mechanical 
tension, transforming growth factor-β1 (TGF-β1), and matrix stiffness, all significantly increased α-SMA levels
independently (p < 0.001, p < 0.001, p = 0.05, respectively), as well as in a coupled manner.

KEYWORDS
Tensile bioreactor, high-throughput, valve interstitial cells, combinatorial, gelatin methacrylate

INTRODUCTION
In the aortic heart valve, the maintenance of homeostasis is a complex affair regulated in large part by valve 

interstitial cells (VICs), fibroblastic cells that remodel, repair and maintain the valve tissue during physiological low 
levels of injury. The function of VICs is modulated, at least in part, by biochemical stimuli like growth factors and 
cytokines, but also by mechanical factors, including intrinsic extracellular matrix properties and external mechanical 
loading [1]. Consequently, dysregulation of these interacting homeostatic stimuli can lead to disease initiation. For 
example, in calcific aortic valve disease, TGF-β1, abnormal mechanical loading, and matrix stiffness are believed to 
cause fibroblastic VICs to differentiate into contractile myofibroblasts [1] that express α-smooth muscle actin (α-SMA) 
and contribute to valve fibrosis, stiffening, and dysfunction. Recreating complex combinations of hypo- and hyper-
physiological stimuli using tissue-engineered platforms is a powerful approach to study disease. While current bioreactor 
systems have made great strides towards this goal, they do not provide the throughput necessary to efficiently integrate 
and study the multiple stimuli that are required to accurately emulate the physiological microenvironment.

EXPERIMENT
The goal of this study was to develop a robust system with which cells and tissues could be subjected to a range of 

uniform tensile strains, with throughput that enabled combinatorial investigations of mechanical and non-mechanical 
stimuli. To do so, we designed a microfabricated substrate on which an array of cell-seeded hydrogels was patterned. The 
substrates were then subjected to tensile loading in a bioreactor. As described below, the design of the substrate and 
bioreactor enabled a range of mechanical, biomaterial, and biochemical stimuli to be investigated combinatorially for 
their integrated effects on cell and tissue response.

The substrate was designed to provide five different regions of strain along its length. This was achieved through a 
staircase geometry whereby successively decreasing cross sectional areas experienced larger strains for a fixed 
displacement. The nominal strains achieved were 2.5%, 5%, 10%, 15%, and 20% on cross sectional areas with 
thicknesses of 8 mm, 4 mm, 2 mm, 1.33 mm, and 1 mm, respectively (Figure 1).  

The substrate was fabricated from polydimethylsiloxane (PDMS) through a combination of soft lithography and 
squeeze fabrication techniques previously demonstrated in our laboratory [2]. The staircase substrate was further 
patterned with dog-bone shaped microwells (seven per strain region – 35 in total per substrate) in which gelatin 
methacrylate (gelMA) hydrogels were moulded, and seeded with cells. The dog-bone profile was selected as it represents 
the standard geometry for tensile testing, and exhibits a uniform strain profile in its straight region. GelMA has been 
shown to support adhesion, proliferation and organization of cell cultures, exhibit excellent micropatterning properties, 
and be easily tailored to different stiffnesses [3], making it an attractive candidate for creating cell-seeded microtissues 
and a suitable choice for this study. The final hydrogel elastic moduli we selected corresponded to normal (6 kPa) and 
fibrotic (33 kPa) valve tissue [4]. 

The bioreactor vessel consisted of a sealed enclosure that contained four polycarbonate plates, each with two sub-
compartments (eight sub-compartments total). The vessel was vented to atmosphere through polypropylene venting caps 
installed on the lid. In each sub-compartment, each substrate could be submerged in media and clamped at both ends by a 
pair of clamps consisting of a fixed clamp and a moving clamp. The moving clamps were bolted to moving transversal 
bars that were welded to the main actuating arm. The arm was correspondingly connected to an actuator rod. To actuate 
the main actuating arm, the actuator rod was part of a rack-and-pinion type mechanism, and was therefore connected to a 
gear mounted on a stepper motor, outside of the bioreactor vessel (Figure 2). The motor was connected to a personal 
computer and programmed for desired loading patterns through a programmable step motor driver. 
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Figure 1: Schematic and dimensions of clamped              Figure 2: Setup of overall bioreactor system depicting 
substrate in top view (a), and side view (b) (inset             the system components. 
depicts dog-bone microwell dimensions; red arrows 
denote direction of motion during stretch). 

To characterize global and local longitudinal strains of the hydrogels, the substrates were stretched using a custom-
designed single-substrate stretching device. The substrates were clamped in the device as in the bioreactor vessel, and 
were photographed in the unstretched and stretched positions. To track the strain of the gels, fiducial markers were 
applied at four different locations throughout the straight regions of the gels. Global strains were measured based on 
relative displacements of the markers at the edges; local strains were measured based on the relative change in length of 
the markers.  

As expected, hydrogel strains on both stiffnesses increased with increasing substrate strain (p < 0.001) and were 
consistent between hydrogels in the same strain region (Figure 3; results for 33 kPa condition not shown, but similar).
Similarly, local longitudinal strains increased with increasing substrate strain (p < 0.001) and were also consistent 
between hydrogels in the same strain region. Importantly, the strains of the four fiducial markers in each hydrogel were 
not statistically different, validating the use of the dog bone geometry and demonstrating strain uniformity in the straight 
regions of the gels (Figure 4). 

Figure 3: Hydrogel global (post-to-post) longitudinal           Figure 4: Local strains within a hydrogel were not different 
strains increased with increasing substrate nominal              within the same strain region but increased across strain  
strains. Results for 33 kPa stiffness not shown but                 regions. Results for the 33 kPa stiffness not shown but  
comparable to 6 kPa gels. Results presented as mean           comparable to 6 kPa gels. Results presented as mean ±  
± standard deviation (**p < 0.001).                                       standard deviation (**p < 0.001). 

Finally, to demonstrate the utility of our platform, we applied the bioreactor to investigate the independent and 
combined effects of tensile strain (2.5-20%; 1 Hz), hydrogel stiffness (6 kPa or 33 kPa), and biochemical stimulation (0
or 5 ng/mL TGF-β1) on VIC myofibroblast differentiation (as evidenced by α-SMA-positive stress fibers). Accordingly, 
we found that α-SMA expression increased significantly (p < 0.001) on the 10% and 15% nominal strain magnitudes 
compared to lower strain magnitudes (static, 2.5% and 5%), suggesting a threshold effect (Figure 5). In addition, TGF-β1 
and matrix stiffness were also shown to independently induce statistically higher α-SMA expression (p < 0.001 and p = 
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0.05, respectively). Interestingly, trends for interactions between strain magnitude and TGF-β1 treatment (p = 0.076) 
between stiffness and strain magnitude (p = 0.127) were observed, consistent with previous studies [5, 6] and 
emphasizing the utility of combinatorial investigations. 

Figure 5: Myofibroblast differentiation was significantly affected by strain magnitude, presence of TGF-β1, and  
hydrogel stiffness (p < 0.001, p < 0.001, p = 0.054, respectively by ANOVA). Results presented as mean ± standard 
deviation. 

 
In summary, we report the design and manufacture of a bioreactor system for high-throughput multifactorial 

screening of cell-seeded constructs or microtissues. It was found that strain magnitude, matrix stiffness, and biochemical 
stimulation significantly affected myofibroblast differentiation in a complex, non-linear manner. This underscores the 
importance of designing systems capable of probing multisignal regulation of cells and tissues in a high-throughput and 
combinatorial manner. 
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10 MINUTE WESTERN BLOTTING WITH 54-PLEX THROUGHPUT FOR 
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ABSTRACT 
We translate western blotting to a microchip workflow that cuts conventional assay times from 3-18 hours to 10-60 

min with up to 5-plex analyte detection and 54-plex channel throughput. An engineered photoactive protein capture ma-
trix with tunable porosity (PACTgel) constitutes 1) a spatially addressable denaturing polyacrylamide gel electrophoresis 
(SDS-PAGE) separation matrix compatible with mask-based visible light photopatterning and 2) a UV light-toggled pro-
tein capture matrix with unprecedented capture efficiency (>75%). We report the first 10 minute western blot consisting 
of protein sizing and immunoaffinity detection in a single microchannel, and validate a rapid confirmatory HIV diagnos-
tic using human serum. Our capability for rapid confirmatory HIV diagnosis at the point of care has the potential to cir-
cumvent the western blotting bottleneck in the current diagnostic pipeline. 

KEYWORDS 
Microfluidic proteomics, HIV, western blot, biomarker immunoblotting. 

 
INTRODUCTION 

Western blotting is perhaps the most widely used targeted proteomic method in the life and medical sciences [1-3]. 
The combined power of weight-based electrophoretic separations and immunological characterization make western 
blotting central to modern biological and diagnostic inquiry [3, 4]. The western blot is likely to remain a bench-top go-to 
technique for the life scientist, and as such, requires continued innovation to advance throughput, minimize resource us-
age, and reduce manual intervention [5]. 

Major performance limitations stem from the immunoblotting process, which physically transfers proteins from the 
protein-sieving polyacrylamide gel separation stage (SDS-PAGE) to the immunoprobing stage. The electrotransfer of 
proteins from gel to a polymer or paper-based “blotting” material prior to antibody probing leads to incomplete and bi-
ased protein capture (60-100% depending on the physicochemical properties of the protein! "#$), and demands trained 
manual intervention. In recent advances, Ciaccio et al. achieved remarkable miniaturization and scale-up of the western 
blotting workflow, but retained the membrane electrotransfer step and added a liquid handling front-end for picoliter 
droplet aliquoting [4]. Further, the study conceded a loss in SDS-PAGE separation resolution owing to elimination of 
electrophoretic sample “stacking”, standard in conventional slab gels. In another recent approach, a capillary electropho-
resis technology commercialized by ProteinSimple replaced membrane electrotransfer with photoactivated capture of 
proteins onto a capillary inner wall, after charge or size based separations [7, 8]. The capillary platform streamlines and 
automates western blotting, but suffers from low protein capture efficiencies of 0.01% (~104-fold lower than membrane 
electrotransfer) and 3-5 hour run times. 

 
EXPERIMENT 

To advance performance and simplify the western blotting workflow, we introduce a microfluidic approach. Micro-
channels filled with PACTgel separation and blotting polymer are the core of our new integration strategy (Figure 1). Us-
ing microfluidic integration and the functional polymer, all steps from isotachophoretic (ITP) stacking during sample in-
jection to weight-based separation of denatured protein analytes (SDS-PAGE) to immunoblotting with fluorescently 
labeled primary and secondary antibodies are achieved in one microfluidic channel in 10-80 min (depending on the sig-
nal detection strategy). Channel architectures are streamlined, with one access well pair per blot and channel widths on 
the order of the diameter of a human hair.  

A transient-ITP buffer arrangement inspired by the tris-glycine SDS-PAGE system popularized by Laemmli [1, 9] is 
implemented as the first assay stage. During the stacking phase, a diffuse plug of protein injected at the microchannel en-
trance is electrophoretically compacted into a ~200 µm zone prior to electromigration across a sharp sieving gel interface 
(commonly a 7.5%T sieving PACTgel at ~400 µm into the 6 nl microchannel). Protein electromigration through the 
sharp sieving gel interface causes a transition from transient-ITP to SDS-PAGE, as the trailing glycine electrolyte over-
speeds the stacked protein zones. Stacking achieves >2-fold sample pre-concentration and minimizes injection disper-
sion, boosting analyte resolution during the sieving phase. Minimized separation distances translate to appreciable time 
savings during SDS-PAGE, which typically requires 60 s to complete on-chip, a 40- to 90-fold improvement over gold-
standard techniques.  

Directly following SDS-PAGE, brief (20 s) exposure to UV light activates protein capture on the channel-filling 
PACTgel for subsequent antibody-probing. Pendant benzophenone groups built into the polyacrylamide gel scaffold via 
a novel methacrylamide monomer (BPMAC) undergo hydrogen abstraction and covalent coupling to nearby biomole-
cules via  
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Figure 1: Micro-Western workflow in a parallelized glass chip with functional PACTgel protein capture matrix. 

 
Figure 2: Fluorescent antibody probe readouts for (a) marker cocktail, and (b) HIV antigens.  

a radical mechanism [10]. Capture efficiencies for fluorescently-labeled marker proteins assayed simultaneously with un-
labeled target proteins were 75-100% (respective within- and between-device coefficients of variation of <5% and <20% 
for each band, Figure 2a). The PACTgel capture efficiency range rivals conventional electrotransfer blotting efficiencies 
on polymer membranes [6] and is a 10,000-fold improvement over capillary surface-capture reported by ProteinSimple 
(~0.01% for green fluorescent protein [7]). 

Following photocapture, analyte bands are probed in situ with fluorescently-labeled primary and secondary antibod-
ies via active electrophoretic introduction and washout from the nanoporous PACTgel. Antibody probe signal was spe-
cific to the target of interest in a single-probe assay for ovalbumin (OVA, Figure 2a). To demonstrate multiplexed ana-
lyte detection, we used cocktails of detection antibodies to probe three, and then five immobilized proteins in a single 
channel (Figure 2a).  

RESULTS AND DISCUSSION
With a view towards performing rapid confirmatory diagnostic western blotting for infectious diseases, we first per-

formed assays for several purified HIV proteins (Figure 2b). Comparison of the Micro-Western readout with slab-gel 
SDS-PAGE yielded molecular weight estimates for the major bands of reverse transcriptase and the viral envelope gly-
coprotein gp120 that agree to within ~12%. Sizing nonlinearity at the 20 kDa edge of the molecular weight range for 
both the Micro-Western and traditional western blots likely contribute to a 25% error in weight measured for the capsid 
protein p24. Nevertheless, precision in molecular weight prediction on-chip was adequate; within-device CVs for all 
bands were <2% (n = 3 for each). Minor bands for both gp120 (56, 40 kDa) and p24 (49 kDa) observed only on slab-gel 
western blots may have arisen from factors that differ between the macro- and microscale workflows, including differ-
ences in blotting efficiency, differences in the SDS-PAGE and probing buffer systems, and the degree of analyte renatur-
ation prior to immunoprobing in each format. 

Quantitative analyte blotting is achieved in the Micro-Western assay over a linear dynamic range of ~2.1 logs with 
limits of detection (LOD) on par with enzyme-amplified chromogenic signal development in traditional western blots.  
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Moving from validation to a pressing analytical need in the biomedical sciences, we demonstrate the Micro-Western 
as a proof-of-principle HIV diagnostic assay on human sera. Currently, HIV diagnosis employs a traditional western blot 
as the final (confirmatory) assay, following a positive ELISA-based screening diagnostic result [11]. We translated the 
currently accepted HIV diagnostic to our microfluidic platform by assaying human sera against purified gp120 and p24 
HIV proteins. Specific serum cross-reactivity to each “bait” protein was determined following fluorescently labeled sec-
ondary antibody detection of human IgG on the PACTgel.  The resulting dose-response is consistent with the expected 
antibody titer in each of three serum samples (strongly reactive, weakly reactive, non-reactive); meeting the US Centers 
for Disease Control and Prevention (CDC) guidelines for determining HIV infection in humans [11]. 
 
CONCLUSION 

Our efforts towards modernizing and automating conventional western blotting have achieved state-of-the-art analyti-
cal performance in key areas: protein blotting efficiency (near complete analyte capture), run time (all steps from sample 
injection to probing in 10-80 min), device footprint (800-fold smaller device area compared to traditional gel lane) and 
reagent economy (103-fold reduction in antibody and buffer requirements over slab-gel western blot). Micro-Western as-
says yield quantitative readouts with the potential for >5-plex probing in a single microchannel. The advances reported 
here present an exciting opportunity for “western blot microarrays” that achieve the excellent throughput capacity of pro-
tein microarrays while providing the crucial aspects of sample deconvolution and molecular weight assignment that 
western blotting affords. The result is the prospect of micropatterned next-generation immunoblots for challenging ana-
lytical applications in cell signaling, cancer biology and infectious disease diagnostics. 
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ABSTRACT 

We present a portable microsystem to quantitatively detect cocaine in human saliva. The chip combines a simple 
microfluidic method for multiphase liquid-liquid extraction to transfer cocaine from IR-light absorbing saliva to an IR-
transparent solvent with the on-chip cocaine detection by IR-waveguide-spectroscopy (QC-laser, waveguide, detector). 
With our droplet-based extraction method we achieve an additional analyte pre-concentration of at least two orders of 
magnitude. 
 
KEYWORDS:  
 cocaine detection, liquid-liquid extraction, IR-spectroscopy, droplet generation, droplet merging  

 
INTRODUCTION 

On-site drug testing of easily accessible body fluids has gained a lot of importance both for road safety and forensic 
applications. IR-waveguide-spectroscopy was chosen as detection method. Unfortunately the characteristic absorption 
peak of cocaine is at 5.8µm - a wavelength where saliva (water) is strongly absorbing light as well [1]. Therefore, the 
multiphase liquid-liquid extraction system presented here brings the analyte to a transparent medium before detection.   

H-filters, the common method for microfluidic liquid-liquid extraction [2], were tested as a reference system for our 
droplet based approach. To increase the diffusion interface it has been suggested to replace the parallel flow (H-filter) by 
a droplet-based approach with channel-wide droplets [3]. With our new extraction system we go a step further and 
enhance the extraction efficiency by producing smaller droplets and varying the flow ratio of the two liquids to allow 
pre-concentration. Our work also includes IR-absorption measurements of cocaine integrated on micro-chip level. To the 
best of our knowledge, this is the first time that such a measurement has ever succeeded. 

 
EXPERIMENTAL 
 Our chip consists of an optical detection waveguide made of germanium on silicon (Figure 1), which was plasma-
bonded to the microfluidic part (Figure 2). The mid-IR waveguide was made from a mono-crystalline germanium layer 
with standard photolithography and reactive ion etching by CF4. The microchannels were made by molding the UV-
curable adhesive NOA81 (Norland Optical Adhesives) on a Scotch-tape master (Figure 3&4a). NOA81 was found to be 
a suitable material for low-cost forensic applications due to its low cocaine adsorption and chemical compatibility with 
organic solvents [4,5]. Figure 2 shows the complete optofluidic system including the connectors for the tubing. 

Figure 5 provides an overview of the extraction system. First monodispersed perchloroethylene (PCE) droplets were 
generated in saliva using the capillary focusing effect (Figure 6) [6]. The depth of the channel mainly defined the droplet 
size, and allowed us to independently adjust the flow rates in order to reach the requirements for coalescence further 
downstream of the chip. After the extraction section, a shallow and hydrophilic side channel drained out the saliva. 
Coalescence of the PCE droplets was based on both compressive merging (compression of the droplets against the end of 
the extraction channel) and decompressive merging when the droplets are accelerated (constant flow rate, smaller cross-
section) into the shallower hydrophobic PCE outlet-channel. Acceleration resulted in local droplet separation and 
induced the formation of two facing nipples in the contact area (local low-pressure). This brought the interfaces close 
enough to merge [7]. Finally, the cocaine extracted to the IR-transparent PCE was then measured in continuous phase by 
the optical waveguide. 

 

 
Figure 1. SEM-image of the optical waveguide made of 
germanium on silicon. 

 
Figure 2. Integrated optofluidic system consisting of the  
NOA81 microfluidc part bonded on the silicon substrate. 
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Figure 3. Scheme of fabrication: NOA81 
molding using a scotch-tape master and plasma-
bonding on the silicon substrate containing the 
germanium waveguide. 

 
 

 
Figure 4. a) Schematic of the microfluidic chip with different channel 
depths, surface properties, and indicated position of the optical 
waveguide on the covering silicon substrate. b) Microscopy image of 
the zone within the dashed frame on a) showing the droplet 
generation on the right, drainage and merging on the left side.  

 

 
Figure 5. 3D-Schematic of the microfluidic part and in parallel cross-section views of the  
channel showing the different phases of the droplet-based liquid-liquid extraction process. 

 
RESULTS AND DISCUSSION 

Droplets were generated using the capillary focusing effect [6]. When a slug-flow of PCE surrounded by saliva 
flowed over a step, PCE droplets were ripped of the slug. The droplet size mainly depended on the channel depth, 
showing a linear dependence (Figure 7). The generated PCE droplets were monodispersed showing variations of the 
diameter of less than 3%.  

The presented droplet-based extraction system achieves up to two orders of magnitude better extraction efficiencies 
than the state-of-the-art H-filters. Depending on the imbalance of the flow rates we even manage to pre-concentrate the 
cocaine in PCE (Figure 8).  
 Quantitative on-chip measurements are feasible with a limit of detection (LOD) of 100µg/mL. Figure 9 shows the IR-
waveguide-detection of different cocaine concentrations flowed (50µL/min) through a test device consisting of a short 
optical waveguide covered by a simple straight microfluidic channel. For the design and the description of the system 
refer to [8]. Figure 10 presents the detection of 500µg/mL cocaine spiked in saliva and extracted on-chip to PCE by 
using the presented droplet-based liquid-liquid extraction system. 
 
CONCLUSION  
 The presented droplet-based microfluidic system enables up to two orders of magnitude better extraction efficiencies 
compared to the state of the art H-filters. Cocaine extracted from human saliva to PCE was detected by IR-waveguide-
spectroscopy on the integrated optofluidic device. Our LOD of 100µg/mL is not sufficient to detect the saliva 
concentration of a single cocaine dose,  which can exceed  1900ng/mL cocaine in human saliva for 2-4 hours [9],  but we  

 
Figure 6. PCE droplet generation in human saliva at the step 
between shallow and deep microfluidic channel by the 
capillary focusing effect based on Rayleigh-Plateau instability. 
(flow rates: 8µL/min saliva, 2µL/min PCE; period: ~30ms) 

 
       Figure 7. The droplet size mainly depends on 
       the channel depth (linear dependence). 

a) 
 
 
 
 
 

b) 

1µL/min PCE, 10µL/min saliva 
2µL/min PCE,   8µL/min saliva 
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Figure 8. Cocaine extraction (saliva to PCE) efficiency measured by UPLC-MS for two different designs of our 

extraction system and three different designs of H-filters at varying flow rate ratios (values in brackets in µL/min). 
 

 
        Figure 9. Quantitative detection of different  
        concentrations of cocaine mixed in PCE. 

 
Figure 10. 500µg/mL cocaine in saliva detected after extraction to  
the IR-transparent organic solvent PCE with the integrated system. 

 
are working on improving our LOD by using smaller droplets (higher surface-to-volume ratio), more imbalanced flow 
ratios, a longer and wider extraction section (increased extraction time), and temperature stabilization of the laser (noise 
and baseline-drift reduction). 
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ABSTRACT
We present a new label-free method to quantify DNA for genetic analysis with the potential point-of-care analysis.  

The method requires only a simple protocol and cost-effective materials that are readily available; a pipettor, pipet tips 
and filter paper.  An image analysis algorithm is developed to define a calibration curve, with which the DNA content in 
unknown samples can be quantified.  Integration of this method with DNA extraction and PCR could promote the 
development of cost-effective microfluidic systems for point-of-care testing.

KEYWORDS: DNA, Quantification, Label-free, Point-of-care

INTRODUCTION
Genetic analysis has greatly promoted the development of clinical diagnosis and forensic applications.  A typical 

experimental process includes DNA preparation and quantification, amplification by polymerase chain reaction (PCR), 
and subsequent detection.  The success of amplification often depends on the quality of prepared DNA, specifically 
purity and concentration, consequently, a quantification step between DNA preparation and amplification is critical.  

Towards point-of-care testing,  paper-based microfluidic systems have been emerging due to their high portability and 
low cost and requirements for power.  Lab-on-paper devices for cell lysis and DNA extraction have been reported 
recently [1], which could be combined with microfluidic PCR systems for rapid sample-to-result tests.   However, the 
lack of a simple DNA quantification method at the point-of-care may compromise the success rate of PCR and hinder 
further analysis.  

At MicroTAS 2011, we reported the pinwheel assay (recently published [2]) with a twist on the concept that involved 
preparing the aggregates in an ‘image-ready’ form via a ‘Pipet, Aggregate and Blot’ (PAB) approach on filter paper,  as an 
alternative ‘label-free’  QUALITATIVE DNA detection modality [3].  Here, we extend the approach to a label-free DNA 
QUANTIFICATION method, which readily quantifies nanogram-
scale samples prior to downstream analysis.

EXPERIMENTAL
The protocol of PAB assay includes: (1) pipetting silica-coated 

superparamagnetic microparticles in 8 M GuHCl and DNA sample, 
(2) promote aggregation of DNA and silica particles by exposure to 
a magnetic field, and (3) dispensing the pipetted volume (blotting) 
onto filter paper for image analysis (Figure 1).  

RESULTS AND DISCUSSION
The particles transform from a dispersed state to tight 

aggregates upon mixed with DNA, as illustrated in the images of 
negative (Figure 2A) and positive controls (Figure 2B) and 
corresponding saturation histograms.  Figure 3A shows the change 
of histogram as DNA concentration varies, and the total number of 

Figure 1.  General experimental procedure of 
the pinwheel assay via the PAB approach.  [3]

Figure 2.  (A) and (B) illustrate the scanned images of magnetic beads blotted on filter paper without and with DNA 
respectively.  The saturation histograms in HSB (hue-saturation-brightness) color space denote the differences between 
the two samples. 

(A) (B) 
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pixels representing particles and aggregates (i.e.,  dark area) decreases as DNA-particle interaction increases which, with 
constant bead concentration, is solely a function of DNA mass (Figure 3B).  The sensitivity appears to increase (6-fold) 
proportionally with a decrease in bead size (8-fold), providing a simple way of tuning the standard curve (Figure 4).  

Human genomic DNA samples were extracted from blood, quantified with the PAB assay,  and amplified with PCR 
for short tandem repeat (STR) analysis, a finicky assay that is sensitive to the input mass of DNA.  The PAB 
quantification results are comparable to those from UV-Vis spectroscopy (Figure 5) and, most importantly, only the 
sample with appropriate DNA concentration yielded successful PCR, as shown in the electropherogram (Figure 6).  
Consistent with the concept of simplicity, image data was acquired with a photo scanner for high resolution and image 

Figure 3. Algorithm and standard curve for DNA quantification.  (A) The change of saturation histogram at various 
[DNA] illustrates dispersed beads converting to tight aggregates.   A threshold [2] was set by a negative control to define 
‘Dark Area’.  (B) The dark area values were normalized with the negative control and correlated with [DNA].  Error 
bars denote standard deviation (n=14). 

DNA Concentration = 0 ng/µL 

5 ng/µL 

Increasing DNA Concentration 

(A) (B) 

Figure 5. Quantification of human genomic DNA extracted from blood samples.  (A) A standard curve was generated 
with serially diluted DNA samples.  (B) The DNA concentrations of six samples were measured with the PAB assay and 
compared with the prepared concentration based on UV-Vis spectroscopy.  Error bars denote the standard deviation of 
four replicates.   The red line represents a linear fit on the data points, while the black dashed line shows the theoretical 
correlation y = x.

(A) (B) 

Figure 4.  Adjusting the sensitivity by varying the size of beads.  The 
standard curves of 1 !m beads and 8 !m beads are shown in red and blue 
respectively.  The green curve represents the standard curve of a bead 
mixture with 50% 1 !m beads and 50% 8 !m beads.

8 µm Beads 

1 µm Beads 

Mixture 
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quality, while a cellphone camera also suffices the need of quantification with enhanced portability and lower power 
consumption (Figure 6).

CONCLUSIONS
In conclusion, we report a paper-based label-free DNA quantification method with minimal footprint, cost,  and power 

consumption.  The assay provides quantitative information on DNA concentration in a simple and fast fashion, which can 
interface with lab-on-paper devices for DNA extraction with microchip PCR.  This could advance the development of 
cost-effective microfluidic systems for point-of-care testing in resource-limited regions.
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Table 1.  Application for short tandem repeat (STR) analysis.  The PCR reaction forSTR analysis typically requires 0.5 - 
2 ng/!L DNA.  Three DNA samples were measured with the PAB assay, and Sample C was determined as > 2.83 pg/!L 
because the result locates outside the dynamic range shown in Figure 5A.  A comparison of the electropherograms shows 
that the interpretable result was only generated from the sample with appropriate DNA concentration.

Figure 6. Towards a portable assay for point-of-care applications.   The images of blotted beads on filter paper can 
also be acquired by a camera phone, which still yield quantitative results (A) histogram (B) calibration curve.  Error 
bars denote the standard deviation of four replicates.

(A) (B) 

DNA Concentration = 0 ng/µL 

5 ng/µL 

Increasing DNA Concentration 
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ABSTRACT 
     Optical imaging systems with submicron resolution typically require the use of expensive, high numerical 
aperture (NA) microscope objective lenses. Here, we describe a novel Microfluidic-based Oil-Immersion Lens 
(µOIL) chip that can perform submicron and wide field of view imaging. Key element of the chip design is the use 
of high index of refraction, oil-immersion ball mini-lenses that have high NA (~0.8) and therefore very good optical 
resolution (0.6-0.7 µm). The µOIL chip can be part of a lab-on-chip system or it can used as an add-on module in 
low cost stereoscopes to enable high resolution imaging of biological samples in the lab, in the doctor’s office or in 
the field.  
 
KEYWORDS 
Microfluidics, Lab-on-chip, Doublet Lenses, Oil-Immersion Lens, Optical Chip, Microfabrication, Numerical 
Aperture, Optical Imaging, Microscopy. 
 
INTRODUCTION 
    Optical microscopy is the gold standard for the visualization of biological entities as well for the identification, 
diagnosis and monitoring of many diseases such as sickle-cell disease, malaria, and tuberculosis. High-end optical 
systems that achieve submicron resolution imaging rely on multi-element objective lenses that are expensive and 
bulky. In recent years, there has been an increased interest in integrating optical components on-chip [1][2]. The 
development of micro-optical modules typically involves the challenging task of lens miniaturization if superb 
imaging quality needs to be maintained [3][4][5].  
   This work demonstrates a novel microfluidic-based approach for obtaining a low-cost, high-NA array of 
miniaturized doublet lenses for imaging biological samples. The proposed lenses are made out of high index of 
refraction sapphire lenses. Those lenses are placed on top of an array of oil-filled microwells that are microfabricated 
on a silicon chip. Not only the Microfluidic-based Oil-Immersion Lens (µOIL) array provides optical performance 
(resolution, NA) equivalent to the performance of a conventional microscope objective but it also enables wide field 
of view imaging as its size can be easily scaled up. 
 
DESIGN    
    The µOIL chip consists of 25 sapphire ball mini-lenses (1 mm in diameter, refractive index of 1.77) integrated on 
top of a 5x5 array of oil-filled, microwells (Figure 1 A). We use the term ‘mini-lenses’ to indicate that those lenses 
are off-the-shelf, non-microfabricated lenses. The microwells are connected through an open-air microfluidic 
network that distributes the oil equally to each microwell in the entire array. The ball mini-lenses have a diameter 
slightly larger than the diameter of the microwells and therefore they sit on top of them. When the microwells are 
filled with oil, the mini-lenses are half immersed in oil and half exposed to air. As a result, the oil/mini-lens 
assembly acts as a doublet lens, resembling the hemispherical front lens of a high numerical aperture oil-immersion 
microscope objective.  

Figure 1: (A) The µOIL chip containing 25 oil-immersion ball mini-lenses. A close-up view of the microwell array is 
shown in the right optical micrograph. (B) Schematic of the cross sectional view (indicated as a-a’ in A) of the µOIL 
architecture. The microwells and mini-lenses are 970 µm and 1 mm in diameter respectively. 
 
The sample of interest is placed underneath the µOIL chip at a fixed distance from the doublet array and it is imaged 
through a 100 µm thick glass coverslip (Figure 1 B). The distance between the ball mini-lens and the sample which 
affects the magnification and the NA, is accurately defined by the thickness of a spacer – a photoresist film that is 
patterned on the backside of the glass coverslip. 
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Figure 2: Microfabrication process (A) and critical 
dimensions (B) of the µOIL chip.  The dotted lines indicate 
the microwell sidewalls that are not visible in the 
highlighted cross section.  The focal plan is located ~620 
µm below the center of the ball mini-lens and coincides 
with the backside of the glass coverslip. 
    

The geometry of the µOIL array (e.g. microwell and 
ball mini-lens diameter, glass coverslip thickness) 
was selected such that the focal length of the ball 
mini-lens (~620 µm, taken from its center) is located 
at the backside of the glass coverslip. In this case, 
optical rays originating from the sample always 
converge as they exit the chip.   
 
MICROFABRICATION OF THE µOIL CHIP  
    The microfabrication of the µOIL chip is 
completed in 6 steps (Figure 2): 1) a 200 nm thick 
silicon dioxide film is deposited and patterned on a 
400 µm thick silicon wafer to define the microfluidic 
network, 2) a photolithographic step is then 
performed on a photoresist layer to define the 
microwell array, 3) a time-controlled deep reactive 
ion etching (DRIE) step is carried out to etch the 
wafer through, 4) a 100 µm thick glass coverslip, 
having a 10 µm thick SU-8 layer on its backside, is 
attached to the silicon wafer using epoxy, 5) the 
microfluidic network and the array are filled with 
immersion oil (refractive index of ~1.516) and 
finally, 6) the ball mini-lenses are manually 
assembled on the oil-filled array.  
 
RESULTS AND DISCUSSION 
    We performed optical simulations to calculate the NA and magnification of the µOIL chip as a function of the 
distance of the sample from the focal plane of the array (Figure 3). That distance coincides with the spacer thickness 
as the focal plane of the array is located at the backside of the glass coverslip. Assuming a minimum spacer 
thickness of 5-10 µm (e.g. when imaging a cell), the magnification and NA reach a maximum value of ~72x and 
~0.8 respectively.  As the spacer thickness increases, there is a dramatic reduction in the magnification while the NA 
decreases almost linearly.   

 
 
 
 
     Alternatively the µOIL chip can be used as an add-on module in a low-cost, low NA stereoscope to achieve high 
resolution imaging (Figure 4). Such a configuration can be useful in a resource–limited setting or in the doctor’s 
office where a high-end microscope is not available. 
     We furthermore experimentally obtained the Modulation Transfer Function (MTF) of a stereoscope (Olympus 
sz61)/µOIL system by imaging line pairs from a resolution test chart (Figure 5) using a 10 µm spacer. Even the 
smallest line pairs of 0.78 µm line width were clearly distinguishable. A maximum resolution value of ~0.6-0.7 µm 
is anticipated (depending on the extrapolation method used) when the image contrast approaches zero. We should 
point out that the theoretical maximum resolution estimated from the maximum NA value (NA=0.77, see figure 3) is 
~450 nm. That deviation can be attributed to optical aberrations of the combined system that were not taken into 
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Figure 4: A low-magnification stereoscope cannot 
image line patterns (A) from a resolution chart (St 
1951 USAF). The lines become visible when imaged 
through the µOIL chip (B). Scale bar, 10 µm.  
 

Figure 3: Numerical Aperture (NA) and magnification 
versus spacer thickness. 
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account during the optical simulations as well as imperfections of the experimental setup (e.g. the light source of the 
stereoscope is not collimated).  

     The ability of the combined system to image microspheres and cells was demonstrated in brightfield 
(transmission) and epi-fluorescence modes using a 10 µm spacer (Figure 6 A-C). In both cases, individual 2-µm in 
diameter microspheres and blood cells were clearly visible. Finally, to demonstrate wide field of view imaging, we 
used the µOIL chip to image in vivo the nematode C.elegans at different developmental stages (Figure 6 D). The 
field of view was ~200 µm in diameter for each lens on the array. In this case, the spacer thickness was adjusted to 
~210 µm thick in order to compensate for the thick worm body. 
 
CONCLUSIONS 
    We developed a microfluidic-based oil-immersion lens chip with high NA, submicron resolution and wide field of 
view imaging capabilities. We believe that the proposed µOIL chip can be used as a stand-alone unit in lab-on-chip 
systems as or as an add-on accessory in low cost stereoscopes for various research and diagnostic biomedical 
applications. 
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Figure 6: A & B. Brightfield images of 
microspheres (A) and blood cells (B), C. 
Fluorescence image of white blood cells. D. C. 
elegans eggs in various developmental stages (I, II 
and III). Part of the worm body is shown in IV. A, B, 
C: Scale bar, 10 µm. D: Scale bar, 100 µm. 
  

Figure 5: Image contrast versus spatial frequency of 
a resolution line pattern. The obtained curve 
represents the MTF of the combined system. The 
micrographs highlight line pairs of three different 
widths (7.8 µm, 1.23 µm and 0.78 µm). 
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REAL-TIME 3D SHAPE MEASUREMENT OF MICRO DROPLET 
USING DIGITAL HOLOGRAPHIC MICROSCOPY  
Tsukasa Matsuo1, Haruyuki Kinoshita2, Teruo Fujii2, Atsushi Moto1

1USHIO INC., Japan, 2Institute of Industrial Science, The University of Tokyo, Japan 

ABSTRACT 
    This paper reports the development of a microscopic 3D shape measuring method based on digital holographic 
microscopy, and its application to a microscopic droplet which changes in shape as time progresses. The use of an 
off-axis holographic/interferometric optical system enables measuring the geometry of microscopic objects in 3D 
and in real time. The measurement is performed in the volume of 176 m x 176 m x 100 m at 60 fps with in-plane 
and out-of-plane resolutions of 1.1 m and 62 nm respectively. We have successfully measured and visualize the 3D 
shape of a droplet and its dynamic change. 

KEYWORDS 
Digital holographic microscopy, droplet, visualization, real-time measurement, 3D measurement 

INTRODUCTION 
Microfluidic devices that utilize discrete flow format such as droplets or plugs to transport chemical reagents and 

sample materials have been widely used due to their advantage that the amount of the samples and their dead volume 
can be dramatically reduced [1]. The key issue to develop useful droplet-based devices is to get more understanding 
of the hydrodynamic phenomena found in the device and to feedback it to the designing of devices [2]. The fluid 
flow in the droplet-based microfluidic devices shows distinctive and complicated behaviors by the effect of viscous 
force and surface force. For example, in the process of droplet generation, the droplet takes unique 3D shape which 
changes periodically. The morphology of the droplet is really interesting from the view point of microfluidics and of 
great importance to control the size of droplets and the rate of their generation. In order to understand the droplet 
morphology, it is required to measure directly the 3D shape of a droplet and its dynamic change. 

There have been already some commercial profilometers available for microscopic use. For example, the laser 
displacement sensors are quite practical and useful to measure the surface profile and its dynamic deformation with 
high temporal resolutions (up to 400 kHz). But, it takes a certain amount of time to scan a planar region even though 
the spatial scanning rate has been greatly improved. And also, the in-plane measurement resolution is limited by the 
size of laser spot (at least 500 m). The confocal laser microscopy is also commercially available for 3D imaging of 
a microscopic object. However, the fluorescence labeling is always necessary for confocal imaging and the time 
required for in-plane and out-of-plane scanning is not negligible as well as the laser displacement sensor.  

This study focuses on the digital holographic microscopy (DHM) [3], which is a kind of interferometry, as a key 
technology to solve the problems associated with scanning time and fluorescence labeling. The DHM technique 
enables us to obtain a digital hologram which contains 3D shape information of a non-fluorescently labeled target 
without spatial scanning. By analyzing the obtained hologram, we can reconstruct the 3D geometry digitally and 
measure the shape of the target quantitatively. In this study, we aim to materialize a true real-time 3D shape 
measurement in microscale using the DHM, and apply it to the measurement of 3D shape of a microscopic droplet. 

MEASURING SYSTEM 
We have developed the DHM system which is available for the shape measurement of microscopic droplets. 

Figure 1 shows the schematic illustration and the photograph of the developed DHM system, which consists of an 
off-axis holographic/interferometric optical system, a He-Ne laser unit (1137P，JDSUniphase Corporation, USA), a 
CCD camera (avA1000-120km，BASLER, Germany), a mechanical stage, and a powerful desktop PC with GPGPU 
(General-Purpose computing on GPU). The image sensor of the CCD camera has the capability to record holograms 
with 1024 pixel x 1024 pixel resolution at 60 fps. The He-Ne laser emits a continuous laser beam with a wavelength 
of 633 nm at 7 mW laser power, which is used as both the illumination light and the reference light for holography. 
When the objective lens with 10x magnifications (M Plan Apo 10X, Mitutoyo Corporation, Japan) is installed in the 
optical system, the system provides the theoretical measurement volume of 563 m x 563 m x 986 m and the 
in-plane and out-of-plane measurement resolutions of 1.1 µm and 62 nm respectively. We have also developed the 
original software for hologram analysis using CUDA which is an IDE developed by NVIDIA Corporation for 
graphics processing. Our software can show the user the reconstructed intensity images and phase images 
side-by-side on the same window in real time. 

The developed DHM system has three important features. The first one is the optical system based on the off-axis 
method, which enables the time-resolved measurement at the same speed as the frame rate of the CCD camera. This 
is because the off-axis optical system allows us to obtain the phase shift data required for interferometry spatially 
instead of temporally [4]. Secondly, the microscope setup used here is free from phase distortion due to the use of 
telecentric optical system [5]. The other feature is the capability to display the analysis results on the screen of PC in 
real time (more than 30 fps at full frame). Since the use of Fourier transform method and GPGPU speeds up the 
calculation of the optical diffraction [6], the system can reconstruct the intensity image and the phase image in a 
moment, and show us them in real time. 
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Figure 2. Schematic illustration of the T-shaped 
microchannel for droplet formation 

 

  
(a) Schematic of the optical system (b) Photograph of the original microscope 

Figure 1. The developed DHM system 
 
3D SHAPE MEASUREMENT 

Figure 2 shows the experimental setup for droplet formation. A T-shaped microchannel having the depth of 93 
µm has been prepared for this experiment. Silicone oil (KF-6001, Shin-Etsu Chemical Co., Ltd., Japan) is streaming 
in the main channel (400 µm wide) and water is flowing from the branched channel (50 µm wide) into the main 
channel at a T-shaped intersection, where small water droplets are generated repeatedly. We measured the surface 
profile of the water which was changing into a droplet. Since the channel is made of PDMS, the surface of the 
channel is hydrophobic and the refractive index of the channel is 1.412 (25°C). And also, the silicone oil has the 
refractive index of 1.412 (25°C), which is the same as that of PDMS. On the other hand, the refractive index of water 
is 1.333 (25°C). The DHM can detect the liquid interface between the water and the silicone oil thanks to the 
presence of the difference of refractive index. Both flow rates of the silicone oil flow and the water flow are kept at 
the flow rate of 3.0 µL/min by using mechanical syringe pumps. As shown in Fig. 2, the measurement was 
performed in the area of 176 µm x 176 µm at 60 fps in this experiment although the developed system has the 
capability to measure the area of 563 µm x 563 µm potentially. 

The analytical flow chart including the images at each step is shown in Fig. 3. First, a raw image, which is a 
hologram, is captured by using the developed DHM system. By analyzing the raw image, we can digitally 
reconstruct the intensity image and the phase image. Then, the height information of the water-oil interface is 
extracted from the phase image. At that time, we use 
the intensity image as a mask in order to calculate 
only the required region and reduce the 
computational load. The time-series height 
information is obtained by applying these processes 
to sequential images. In this way, we can measure the 
3D profile of the water surface which deforms 
dynamically as time progresses.  

Figure 4 shows the 3D shape visualizations of the 
droplet which is formed at a T-shaped microchannel 
junction. Since we captured the holographic images 
at 60 fps, the surface profile of the water was 
obtained at the time intervals of 16.7 msec. This 
result clearly shows that the water flow becomes thin 
and elongated before forming a droplet. This means 
we could successfully measure the 3D profile of the 
droplet surface sequentially and quantitatively by 
using the developed system and method. 
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Figure 3. Analytical flow chart Figure 4. Time-series 3D visualizations of the droplet formation 
 
CONCLUSIONS 

We have developed a new microscopic 3D shape measuring system based on DHM. The developed system 
enables measuring the geometry of a microscopic object or surface in 3D and in real time with both high spatial and 
time resolution. We have applied the developed DHM-based system to the measurement of 3D shape of a droplet 
which is formed at a T-shaped microchannel junction. As a result, we have succeeded in quantitative measurement of 
the 3D geometry of the droplet and its dynamic change in a microchannel. 
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INTEGRATED ANGLE RESOLVED SPECTROSCOPY 
WITH NOVEL OPTICS 'CALDERA MIRROR'  

Yuto Kazama1,2, Akihide Hibara1 
1Institute of Industrial Science, The University of Tokyo, Japan, 

 2School of Engineering, The University of Tokyo, Japan 
 
ABSTRACT 
    This paper reports the integrated angle resolved spectroscopic device with embedded novel optics ‘caldera 
mirror’.  We have integrated lithographic lenses, a fluidic channel, light shields, an optical fiber and a caldera 
mirror.  In order to facilitate output of angle resolved signals from micro device, the caldera mirror was developed 
and embedded.  In the device, scattered or emitted lights from fluidic channel were passed through integrated 
confocal optical systems, and, then, outputted through the caldera mirror.  Performance of the device was tested by 
using fluorescent observation.  
 
KEYWORDS 
Angle resolved spectroscopy, optics, optofluidics, microfabrication 

 
INTRODUCTION 

Recently, many groups reported optofluidic systems for various applications such as spectrophotometry [1], 
fluometry [2], and flow cytometry [3].  These devices utilized the lithographic mirrors and lenses for scaling down 
the analytical systems and/or improvement of the analytical performance.  In our previous paper [4], we focused on 
introduction of the lights by utilizing the embedded prisms, which is suitable for on-chip multi-beam spectroscopy 
and easy to use.  In the present paper, we have investigated an innovative fabrication method for an embedded 
novel optics ‘caldera mirror’ and demonstrated its performance in the angle-resolved spectroscopy. 

 
CONCEPTION 

Figure 1 illustrates the conception of the integrated angle resolved spectroscopic device, which consists of 
lithographic optics, fluidics and an embedded caldera mirror.  Laser light is injected through the integrated optical 
fiber.  Emitted or scattered light form the fluidic channel is reflected to a vertical direction through the caldera 
mirror after passing through integrated confocal optical systems consist of two lenses and light shields, and then 
detected by CCD.  By using this device, angle resolved signals can be detected by using just one CCD. 

 
 

 
 

Figure 1 Concept of the integrated angle resolved spectroscopic device that consists of lithography optics, fluidics 
and embedded novel optics ‘caldera mirror’. 

 
 
RESULTS & DISCUSSION 

Figure 2 shows a fabrication process of the caldera mirror.  In this study, the caldera mirror was fabricated by 
molding of thermosetting resin.  A circular cone mirror and custom-made mold were utilized as the mold.  After 
peeling off the resin and arranging the shape, Cr membrane was coated on the reflection surface of the mirror by 
using vacuum deposition equipment. 
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Figure 2  Fabrication process of the caldera mirror. 

 
Figure 3 shows the embedding process of the caldera mirror.  The master mold including a fluidic channel and 

lenses was fabricated by a photolithographic method utilizing thick negative photoresist such as KMPR-1035.  
After development of the photoresist, the caldera mirror was placed on the mold, and prepolymer of PDMS was 
casted and cured.  The cured PDMS sheet with the caldera mirror was peeled off from the mold. 
 
 

 
 

Figure 3 Embedding process of the caldera mirror. 
 
Figure 4a shows the experimental setup for demonstrating the angle-resolved spectroscopy device.  In the 

device, black-colored PDMS block was also embedded on a fluidic channel, in order not to detect emitted or 
scattered light from the fluidic channel directly.  Performance of the caldera mirror was verified by fluorescence 
observation, where a fluorescent dye solution was introduced to the fluidic channel and the excitation light was 
introduced through the optical fiber.  Figure 4b shows the fluorescent micrograph.  The black-colored PDMS 
block and the caldera mirror worked as expected. 
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(a)  (b)  

 
Figure 4  (a) Setup of the angle-resolved spectroscopy device.  (b) Microscopic fluorescent image with a CCD. 

The fluorescence, which is emitted to the in-plane direction, is reflected to the CCD direction by the 
caldera mirror. 

 
CONCLUSIONS 

In this study, we have demonstrated the angle-resolved spectroscopy device embedded the caldera mirror, and 
other optical components.  The technology developed in the present study will be applied to analysis of 
nanoparticles, microbial, and other nano-sized objects in microfluidic devices.  
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ABSTRACT 
 
Evidence is mounting that the propagation of missfolded proteins in neural networks contributes to disease 
progression in neurodegenerative disorders. Underlying mechanisms remain largely unknown. Here we show for the 
first time that mutant Huntingtin (mHtt) aggregates propagate in a transneuronal fashion. We demonstrate this by 
using a novel co-culture system of wild type human embryonic stem cell (hESC)-derived neurons in organotypic 
mouse brain slices (OTBSs). This environment allows hESC-derived neurons to functionally mature into subtypes 
matching local network specifications. In OTBSs from R6/2 HD model but not wild type mice, hESC-derived 
neurons show non cell-autonomous atrophic changes and acquire mHtt aggregates from their R6/2 mouse neighbors 
using synaptic vesicle machinery. In mixed-genotype OTBS cultures of R6/2 cortex and wild type striatum we show 
that mHtt aggregates propagate in the for Huntington’s disease (HD) clinically relevant corticostriatal connection. 
Transsynaptic propagation of mHtt in neural circuits using synaptic machinery likely is a previously underestimated 
contributor to disease progression and may offer novel opportunities for targeted therapy. 
 
KEYWORDS 
Embryonic stem cell, Huntington disease, synaptic transmission, protein aggregate. 
 
INTRODUCTION 
 
Huntington’s disease (HD) is an autosomal-dominant neurodegenerative disorder caused by an increased number of 
CAG repeats in the huntingtin gene (1993). The disease relentlessly progresses until death and no treatment so far 
has been shown to delay disease onset or progression. 
A histopathological hallmark that HD shares with other neurodegenerative disorders including Prion’s disease, 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) is an abnormal deposition of protein aggregates. The 
contribution of these aggregates to disease onset and/or progression remains controversial, with views ranging from 
aggregates impairing normal cellular functions (Lorenzo and Yankner, 1994; Thomas et al., 1996) to having no 
major role in pathogenicity (Kim et al., 1999; Leavitt et al., 1999) or protecting cells by scavenging toxic soluble 
mHtt species (Ross, 2002).  
Evidence has been mounting in several neurodegenerative diseases that, like in Prion’s disease, misfolded protein 
pathologies spread across brain regions. Examples include A! and Tau pathology in AD and "-synuclein pathology 
in PD (references). mHtt and other poly-glutamine (poly-Q) proteins also seem capable of intercellular transmission, 
at least in non-neuronal cells, but so far mHtt has not been shown to propagate from neuron to neuron and in neural 
circuits (Herrera et al., 2011; Ren et al., 2009). 
Mechanisms proposed to facilitate the propagation of misfolded protein aggregate pathologies include tunneling 
nanotubes, exocytosis/endocytosis including the involvement of exosomes or via the neurotransmission machinery 
(Lee et al., 2010). Endocytosis appears critical for propagating e.g. "-synuclein pathology (Desplats et al., 2009) 
whereas mHtt aggregates have unique physical properties that seem sufficient to passively cross the membrane, 
penetrate mammalian cells and gain access to the cytoplasm (Ren et al., 2009).  
Increasing evidence also suggests that protein aggregate pathologies spread via functionally connected neural 
networks and that this process likely contributes to non-cell autonomous damage in neural circuits and disease 
progression. In HD, cell autonomous and non-cell autonomous pathophysiological changes have been noted, in 
particular in the corticostriatal pathway. So far, however, there was no evidence that transneuronal propagation of 
mhtt might contribute to neuronal damage in this circuit that is affected early in HD (for reviews see Raymond et al., 
2011).  
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EXPERIMENT 
 
Here we addressed the fundamental question whether in HD mHtt protein can propagate and contribute to non-cell 
autonomous pathological changes in neurons. To this end we established a versatile ex-vivo model system of human 
embryonic stem cell (hESC)-derived neurons co-cultured with mouse organotypic brain slices (OTBSs) from either 
wild type (wt) or HD model mice (R6/2). We demonstrate that the OTBS supports hESC-derived neurons to 
functionally mature into subtypes that match local network specifications. Mouse neurons in R6/2 OTBSs 
progressively accumulate mHtt aggregates and the disease tissue triggers non cell autonomous atrophic changes in 
co-cultured human neurons that do not occur in co-cultures with wt OTBS. Furthermore, we show that mHtt protein 
propagates from mouse cells of the R6/2 OTBSs to hESC-derived neurons. This occurs during a specific time 
window and it requires functional components of the synaptic vesicle shuttling machinery. Moreover, some atrophic 
changes in hESC-derived neurons correlate with the acquisition of mHtt aggregates. Transneuronal propagation of 
mHtt can therefore contribute to non-cell autonomous pathophysiological changes in HD and this process might be a 
so far underestimated contributor and variable in the onset and progression of HD.  
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CIRCULAR MICROCHANNELS ENHANCE DIODICITY 
PERFORMANCE AT ULTRA-LOW REYNOLDS NUMBER FOR 

MICROFLUIDIC BEAD-BASED DIODES  
Ryan D. Sochol*, Jonathan Lei, Albert Lu, Erica L. Hicks, Shan Gao,  

Vivek Menon, Kosuke Iwai, Luke P. Lee and Liwei Lin
Berkeley Sensor and Actuator Center, University of California, Berkeley, USA 

ABSTRACT
Self-regulating fluidic components are critical to the advancement of micro/nanofluidic circuitry for chemical 

and biological applications, including sample preparation on chip and point-of-care (POC) molecular diagnostics.
Previously, a variety of diodic components have been developed to enable flow rectification in fluidic technologies
(e.g., microscale drug delivery systems in which backflow could be medically harmful).  In particular, prior works 
have utilized suspended microbeads as dynamic resistive elements to achieve microfluidic diodes for ultra-low 
Reynolds Number (i.e., Re < 0.25) applications; however, using spherical beads to block fluid flow through rectangular 
channels is inherently limited. To overcome this issue, here we present a microfluidic bead-based diode that uses a 
targeted circular-shaped microchannel for microbead docking to rectify fluid flow under Re ≤ 0.25 conditions.
Experimental results revealed Diodicities (Di’s) ranging from 1.34±0.15 to 5.32±0.64 for Re varying from 0.05 to 0.25.

KEYWORDS
Diode, Check Valve, Microbead, Circular Microchannels

INTRODUCTION
Microfluidic components that facilitate automated “on-chip” functionalities, such as device-embedded flow 

switching and flow rectification, are in critical demand [1-3]. At the ultra-low Re flows associated with lab-on-a-chip 
technologies, the contribution of the non-linear inertial term of the Navier-Stokes equation is minimal, which renders
“fixed-geometry” valves (e.g., diffusers and Tesla valves) ineffective [3, 4]. To bypass this issue, researchers have 
developed double-layer “flap” valves capable of Di’s ranging from 1.1 to 4.6 (i.e., for Re ≈ 1 to 35); however, prior 
reports have found that such valves fail at Re < ~0.3 [4, 5]. Additionally, flap valves are manufactured via multi-layer 
microfabrication processes, which suffer from increased costs, time, and labor compared to single-layer lithographic
processes. To overcome these limitations, Ou et al. presented a single-layer bead-based diode that utilized up to 850
suspended microbeads to rectify fluid flow at Re < 1 [6, 7]. Previously, we introduced a microfluidic bead-based 
diode that used only a single suspended microbead to achieve Di’s ranging from 1.14±0.01 to 2.51±0.03 for Re varying 
from 0.05 to 0.25 [8].  The major impediment toward achieving higher Di’s for prior bead-based diodes is that using 
spherical microparticles to block fluid flow through rectangular microchannels is inherently flawed. Thus, here we 
present a microfluidic bead-based diode that includes a circular-shaped microchannel for microbead docking (Fig. 1).    

CONCEPT
Figure 1 shows illustrations of the diode concept, which operates similar to a ball check valve.  Although the 

majority of the device consists of rectangular microchannels (18 μm in height), the diode chamber includes a circular 
docking channel for microbead trapping or releasing (i.e., based on the flow polarity). Consistent with our prior 
single-microbead-based diode [8], here we employ our micropost array railing (μPAR) technique [9, 10] as a 
one-way ‘track’ to ensure that after a suspended polystyrene microbead (16.6 μm in diameter) enters the diode 
chamber, the bead is maintained within the chamber (i.e., regardless of the flow polarity) because the microposts 
(15×15 μm2) act as a physical barrier. For the forward flow case, the microbead releases from the diode docking
position to facilitate fluid flow through the docking channel (Fig. 1a). For cases in which the flow polarity is 
reversed, the microbead re-immobilizes at the entrance of the docking channel, which obstructs fluid flow through 
the diode (Fig. 1b). This process can be repeated continuously by switching the flow polarity as desired.  

Figure 1.  Conceptual illustrations of the microfluidic bead-based diode with a circular-shaped docking channel.   
(a) During forward flow, the microbead releases from the docking position to enable fluid flow through the channel. 
The bead remains within the diode chamber. (b) During reverse flow, the microbead immobilizes in the docking site, 
thereby obstructing fluid flow through the channel.  This process functions autonomously based on the flow polarity. 
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Figure 2.  Experimental results for selectively fabricating a circular-shaped docking channel.  (a) Initially, a 
separate inlet is used to load uncured PDMS into the docking channel.  (b) After the PDMS has reached the base of 
the docking channel, pressurized air is used to displace the PDMS, leaving behind a c ircular cross-section.      
(c) SEM image of the cross-section of a fabricated circular docking channel.  Scale Bars = (a, b) 200 µm, (c) 50 µm. 
 
DEVICE FABRICATION 

The microfluidic diode was constructed via standard photolithography and soft lithography methods as described 
previously [8-10]; however, to fabricate a targeted circular-shaped docking channel, we adapted a technique 
originally developed by Abdelgawad et al. [11].  Specifically, a separate inlet was initially used to vacuum-load 
uncured PDMS into the docking channel (Fig. 2a).  Once the uncured PDMS filled the docking channel completely, 
pressurized air was inputted into the device to displace most of the PDMS, while leaving behind a circular-shaped 
cross-section (Fig. 2b).  While continuing to input the pressurized air, the device was placed on a hot plate (set at 
150 °C) for approximately 30 minutes to cure the PDMS (which consequently sealed the PDMS inlet as well).  
Figure 2c shows an SEM micrograph of the cross-section of a fabricated circular-shaped docking channel.    

 
RESULTS 

Sequential micrographs of microbead dynamics within the microfluidic bead-based diode are shown in Figure 3.  
During device operation, a single microbead was pre-loaded into the diode chamber via a separate inlet, which was 
sealed after the pre-loading process.  As shown in Fig. 3a, our μPAR technique successfully guided the microbead 
from the initial flow stream into the diode chamber during reverse flow.  After reversing the flow polarity (i.e., to 
achieve forward flow), the microbead was released from the diode docking position, but remained within the diode 
chamber due to the arrayed microposts (Fig. 3b).  To prevent the released microbead from becoming permanently 
lodged between adjacent sets of micropost array rails (separation angle = 2°), a circular micropost was included in the 
middle of the rails.  By reversing the flow polarity again (i.e., to achieve reverse flow), the microbead was 
transported to the entrance of the circular-shaped docking channel and subsequently immobilized (Fig. 3c).  
Experimental device runs with multiple external switches of the flow polarity revealed this process to be repeatable. 

Quantified Di results for Re ranging from 0.05 to 0.25 are presented in Figure 4.  For comparison purposes, 
experiments were also performed using negative control microdevices that did not include any loaded microbeads.  
The average Di’s for Re = 0.05 and 0.10 were 1.34±0.15 and 1.76±0.23, respectively, which were both statistically 
discernible from the negative control (p < 0.05).  For comparatively larger Re of 0.15 to 0.25, experimental results 
revealed average Di’s ranging from 3.58±0.33 to 5.32±0.64, which were significantly higher than the negative control 
(p < 0.0001).  Although these results mark an improvement in Di ranging from 17.5% to 112% versus prior 
single-microbead-based diodes that included rectangular channels [8], several factors may have limited the overall 
device performance.  An ideal bead-based diode would include microbeads and docking channels that are perfectly 
spherical and circular, respectively; however, this was not the case for the current study.  This issue may have also 
contributed to the observed enhancement of Di at relatively higher Re.  For example, larger shear stresses impacting 
a docked microbead could potentially better lodge the bead by causing the elastomeric PDMS of the docking channel 
to deform (and better fit the shape of the microbead), which would increase the corresponding fluidic resistance.     
 

 
Figure 3.  Overlaid sequential micrographs showing microbead dynamics in the microfluidic bead-based diode.  
(a) Initially, a single polystyrene microbead (ø = 16.6 μm) is pre-loaded into the diode chamber under reverse flow.  
Our micropost array railing (μPAR) technique [9, 10] prevents the microbead from immobilizing until it reaches the 
entrance of the docking channel.  (b) During forward flow, the microbead releases from the docking channel,     
but remains within the diode chamber due to the micropost array rails.  The circular-shaped micropost (located 
between the micropost array rails) prevents the microbead from being wedged between the square-shaped 
microposts (separation angle = 2°).  ( c) During reverse flow, the microbead re-immobilizes at the entrance of the 
docking channel.  Experimental observations revealed this process to be repeatable.  Scale Bars = 100 µm.   
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CONCLUSIONS 
Emerging micro/nanofluidic technologies 

demand robust fluidic components that are 
capable of functioning autonomously under 
ultra-low Re conditions.  Here, we presented a 
microfluidic bead-based diode that utilized a 
targeted circular-shaped channel for microbead 
docking.  Experimental runs revealed Di’s 
within the range of 1.34±0.15 to 5.32±0.64, 
corresponding to Re varying from 0.05 to 0.25.  
These results mark an improvement over 
similar techniques that employ rectangular 
channels for docking spherical microparticles.  
Several adaptations of the presented technique 
could yield enhanced Di’s.  For example, 
architectures in which numerous bead-based 
diodes are arrayed in series or in parallel could 
greatly improve the diodic performance.     
To develop ideal micro/nanofluidic 
particulate-based diodes, future work should 
focus on closely matching the shapes of 
suspended particles with the corresponding 
geometries of the docking channels.   
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Figure 4.  Experimental results for average Diodicity (Di) 
performance versus varying Reynolds Number (Re).  ΔPForward 
and ΔPReverse denote the pressure drop across the diode for the 
forward flow case (unobstructed docking channel) and the 
reverse flow case (obstructed docking channel), respectively.  
‘Blue’ and ‘red’ bars correspond to experiments with or without a 
microbead, respectively; Error Bars denote s.e.m.; ‘*’ and ‘†’ 
denote p <  0.05 and p < 0.0001 statistically significant 
differences, respectively.   
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MEMS-BASED PILLARED SURFACE FOR HIGH-SPEED DROPLET 
MANIPULATION: FAILURE OF CASSIE-BAXTER MODEL  

Kenichi Morimoto, Kenichi Fukumoto and Yuji Suzuki 
Department of Mechanical Engineering, The University of Tokyo, Japan 

 
ABSTRACT 

Recently, applicability of the Cassie-Baxter (C-B) model has been questioned. Here we evaluate the C-B model 
in prediction of the static/dynamic superhydrophobicity of micro-pillared surface. We have examined the effect of 
the pitch on the contact angle hysteresis (CAH) and the contact line friction, which is often ignored in modeling the 
wetting behavior. It is shown from the analysis of the droplet speed in a liquid dielectrophoresis device that the 
present pillared surface can realize high-speed droplet manipulation due to significant reduction of the contact line 
friction. 
 
KEYWORDS: Superhydrophobicity, Pillared surface, Cassie-Baxter state, CAH 

 
INTRODUCTION 

Previously, we have proposed a new low-voltage droplet manipulation method called “liquid dielectrophoresis on 
electret (L-DEPOE)” for dielectric liquids [1], in which droplet manipulation is realized with electret as an 
embedded virtual voltage source. However, the contact angle (CA) of dielectric liquid on solid surfaces is generally 
small, so that pillared surface with low adhesion and low friction is necessary to improve the droplet speed in 
L-DEPOE [2]. In the Cassie-Baxter (C-B) model [3], CA and CAH are expressed with the solid fraction fs and the 
roughness factor rf. However, its applicability is now questioned especially for the superhydrophobic state [4-6].  

In the present study, we systematically investigate the effects of the pitch p and fs to model the high-speed droplet 
motion on pillared surface. Also, we analyse the droplet motion in a modeled L-DEPOE device in order to estimate 
the droplet speed achievable with the present surface and to identify the dominant resistance force. 

 
FABRICATION OF PILLARED SURFACE 

Figure 1 shows the schematic of the present pillared surface. The present pillar structure is a set of cylindrical 
posts, characterized by the pillar diameter, d, the pillar depth, t, and, the pitch between adjacent pillars, p. The solid 
fraction fs is defined as fs = πd 2 4 p2 . In the C-B model [3], the equilibrium CA on air-trapped surfaces is 
formulated as a function of only fs and rf in the following equation: 

cosθCB = rf fs cosθsmooth + fs −1 , (1) 
where θCB and θsmooth represent the CA on the C-B and smooth surface, respectively. Accordingly, the C-B state with 
large CA and thus small CAH is expected to be achieved with small fs. 

Wu and Suzuki [2] reported that the Cassie-Baxter state collapses to the Wenzel state with the applied voltage as 
low as 7.4 V when p = 40 μm and fs = 0.012. Since the stability of the Cassie-Baxter state will be improved for the 
smaller pitch [2], the effect of p on the hydrophobicity is presently explored while keeping fs ~ 0.01. We prototyped 
Si micro-pillar arrays with p = 2 ~ 30 μm. MEMS processes for the present pillared surface are: i) Si pillars are  
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Figure 1. Superhydrophobic pillared surface for low friction and adhesion. Conventional models of contact angle 
and CAH depend only on the solid fraction fs.  
 

          

Figure 2. SEM images of MEMS-based pillared surfaces with fs = 0.01: (a), p = 20 μm, (b) p = 2 μm. 
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microfabricated with EB lithography and DRIE, ii) 40 nm-thick hydrophobic CXFY film is deposited with C4F8 
plasma onto the etched surface. Figure 2 shows SEM images of the pillars with different p. 
 
RESULTS AND DISCUSSION 

In the present study, DI water is employed as the droplet. From the measurement of the droplet on the surface 
with different solid fractions fs, the contact angle becomes larger for smaller fs. Figure 3 shows the 
static/receding/advancing CAs versus fs. With decreasing fs, the static CA increases and reaches 161°-164° when fs = 
0.01. These trends of the CA data are different from the C-B model [3] prediction especially at low fs. The 
discrepancy over the receding-CA model, proposed by Extrand [4], is also noticeably large. Figure 4 shows CA for 
different p with fs ~ 0.01. With decreasing the pitch, both the static CA and the contact angle hysteresis (CAH), i.e., 
the difference between advancing and receding CAs, remain almost unchanged. 

The coefficient of the contact line friction ζ  [7] is also measured with sliding droplet experiments on inclined 
pillared surfaces, and estimated to be ζ = 8.07, 0.026, and 0.014 for the smooth surface, pillared surface with p = 30 
μm and 10 μm, respectively. Thus, by decreasing the pitch while keeping fs, the resistance would be significantly 
reduced. Since the existing wetting models [4, 6] are independent of p, the present results suggest that the pitch 
effect should be explicitly taken into account in the model. 

Droplet motion in a modeled L-DEPOE device with the present pillared surface is examined. A water droplet is 
assumed to be sandwiched between top and bottom dielectric layers as shown in Fig. 5(a). As described in [1], the 
equation of motion of the droplet in the present capacitor model is expressed as: 

m
d2x

dt2 = Fe + Fμ + Fθ = Fe + Fμ + Fth + Fd , (2) 

where m is the mass of the droplet, and Fe, Fμ, and Fθ denote the driving force due to the potential gradient between 
the left and right electrodes, the viscous drag, and the CAH force, respectively. Fθ is divided into Fth and Fd, which 
represent the static and dynamic CAH force, respectively. For the pillared surface, each force exerted on a droplet 
(with its density ρ, surface tension γ, and the wetted area of width w and length l) is estimated as follows: 

Fe = − ∂ ER + EL( ) ∂x ,

Fμ = 2lwfsC f ⋅ ρV 2 2 ,

Fth = 2wγ cosθr − cosθa( ),
Fd = 4wζV ,

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 (3) 

where ER and EL represent the electrostatic energy stored at the right and left parts of the capacitor, respectively. θa 
and θr represent the maximum and minimum static CAs. The skin friction coefficient Cf is given by 

 C f = 1.328 Re  (Re is the Reynolds number based on the droplet velocity V and the distance between the top and 
bottom electrodes, h), assuming the Blasius solution of laminar boundary-layer flow. 

Equation (2) is numerically integrated in time and the position and velocity of the droplet are obtained. The 
geometrical parameters are set to w = l = b = 4.0 mm (b is the length of the electrodes) and h = 150 μm, which 
correspond to a droplet volume of 2.4 μl. The external capacitance is assumed as C0 = 2.0 pF. In Fig. 5(b), the 
terminal droplet velocity for each surface is shown for different applied voltage. It is seen that the droplet speed on 
the pillared surface is much increased and reaches 1 m/s with 300 V. In Fig. 5(c), each component of the resistance 
force is plotted against the droplet velocity for the pillared surface with p = 10 μm. Although static CAH (Fth) is the 
dominant resistance force for low droplet speed, the contact line friction (Fd) becomes dominant when the droplet 
speed is higher than 30 mm/s. Thus, further reduction of the contact line friction would be a key to high-speed 
droplet manipulation. 

fs

Figure 3. Static/advancing/receding contact angles 
versus fs with p = 2 μm. Discrepancy with 
conventional models becomes obvious at small fs. 
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Figure 5. Evaluation of droplet speed in a modeled L-DEPOE device with the pillar surfaces (fs=0.01): (a) 
Capacitor model (the dielectric constants of air, water, and electrodes are ε1 = 1.0, ε2 = 80.0, and ε3 = 3.1, 
respectively), (b) Droplet speed versus surface potential, (c) Resistance forces versus droplet speed for the pillared 
surface with p = 10 μm, in which the contact line friction is the major source of resistance.  
 
 
CONCLUSION 
We have evaluated the C-B model in prediction of the static/dynamic superhydrophobicity on micro-pillared 
surfaces. We examined the effect of the pitch on contact angle hysteresis and the contact line friction. It is concluded 
from the present results that the conventional C-B model without the pitch effect is not appropriate for its use to 
design pillared surfaces for high-speed droplet manipulation. From the analysis of the droplet motion in a modeled 
L-DEPOE device, it is shown that the present pillared surface with small pitch can realize extremely high speed up 
to 1 m/s due to the significant reduction of the contact line friction. 
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ABSTRACT
We introduce the ability to engineer the cross-sectional shape of a fluid using the integrated inertial flow deformations 
induced by sequences of simple microstructures (i.e. pillars). Discretization of single pillar operations followed by their 
programmed superposition allows the hierarchical assembly of complex flow programs.  The introduction of a general 
strategy to program fluid streams in which the complexity of the nonlinear equations of fluid motion are abstracted from 
the user can impact biological, chemical and materials automation in the same way that abstraction of semiconductor 
physics from computer programmers enabled a revolution in computation.

KEYWORDS
Inertial microfluidics, Flow control, Sequential programming, Flow deformation, Mass transport

INTRODUCTION
Control of fluid streams is useful in biological processing [1], chemical reaction engineering [2], and creating structured 
materials [3]. However, general strategies to engineer the cross-sectional form and motion of fluid streams have been 
limited.  Strategies to mix fluid [4] and control particles [5] using engineered systems exist, often relying on chaotic fluid 
transformations to disrupt sustained regions of order in the flow. Rather than apply flow transformations to prevent 
order, here we develop a hierarchical approach to engineer fluid streams into a broad class of complex configurations. 

EXPERIMENT, RESULTS AND DISCUSSION
We use cylindrical pillars to induce significant deformations in laminar flow. Numerical simulations predict that as fluid 
passes centrally positioned pillars in a straight microchannel, the fluid parcels near the channel centerline move towards 
the side walls, while fluid parcels near the top and bottom walls move towards the channel center. This phenomenon, 
validated experimentally, effectively creates a set of net rotational secondary flows within the microchannel (Figure 1A). 
Hence, the flow is irreversibly twisted near the pillar, leading to a significant final flow deformation (Figure 1B). The 
lateral position of the pillar can be used to tune the lateral position of the net recirculating flow (Figure 1C).

Hierarchical flow deformation operations can be integrated to execute sophisticated programs and render complex flow-
shapes. We can numerically predict the deformation near a single pillar with high precision and accordingly, predict the 
total transformation function of any potential program (Figure 2A). Consequently, a user can use a library of pre-
simulated motions and engineer a flow-shape of interest quickly, at a low cost, and with high accuracy. Systematic 
discretization of the pillar positions (Figure 2B) enables each program to be simply communicated using the inlet 
condition and the sequence of pillar positions (Figure 2C). Therefore, analogous to programming of software, a designer
can build upon previously demonstrated functions and integrate them in new ways to create more complex and useful 
outcomes. For instance, controlling the cross-sectional shape of a monomer stream enables manufacture of new classes 
of polymerized fibers with engineered interactions (e.g. interlocking or self-assembling fiber materials) [6].

We apply inertial flow deformation to several example practical applications. We demonstrate fast and simple extraction 
of particles from a fluid stream (Figure 3A) and particle separation and sorting by size (Figure 3B). More sophisticated 
programs enable cross-stream translation of a fluid stream and solution exchange around particles in which both the 
particles and fluid stream stay focused (Figure 3C). We can also split a single stream at the inlet into multiple streams, 
which can be useful in parallelization of screening applications (Figure 3D). Finally, the strong deformations create a 
semi-helical motion in the flow which can enhance mixing at high Peclet numbers dramatically (Figure 3E). 

The introduction of a general strategy to program fluid streams in which the complexity of the nonlinear equations of 
fluid motion are abstracted from the user can impact biological, chemical and materials automation in the same way that 
abstraction of semiconductor physics from computer programmers enabled a revolution in computation.
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Figure 1. Local inertial flow deformation induced by microstructures. A. Flow passing a microstructure deforms 
significantly creating a net recirculating secondary flow in the channel. The arrow plot shows the average lateral 
velocity field as fluid parcels travel from input cross-section (upstream) to output cross-section (downstream). The 
numerical prediction is confirmed experimentally. B. A 3D confocal microscopy image of a fluorescent stream deforming 
around a single pillar in the channel clearly shows how the stream of fluid (sandwiched between two streams of 
unlabeled fluid) is irreversibly twisted losing fore-aft symmetry around the pillar. The PDMS surface of the channel is 
labeled red for a more vivid observation. C. Position of the net circulation is controlled by pillar location. The top row 
shows the net deformation arrow plots for different pillar locations as predicted by numerical simulations. Below are the 
confocal images of channel cross-sections for each of the sequenced configurations. The lateral placement of pillar 
sequences is shown in the schematic. Three labeled streams are tracked for a more detailed observation. By displacing 
the pillar center from the middle to the side of the channel (from i to v), the lateral position of the net recirculating flow 
is similarly displaced.  
 

 

 
 

Figure 2. Engineering fluid flow using programmed sequences of pillars.  A. Accurate numerical prediction of inertial 
flow deformation allows programming the cross-section of the flow. Each program consists of 1) a sequence of pillars 
positioned at different locations across the channel, and 2) an initial condition, i.e. inlet position and width of the fluid 
stream. The numerical predictions based on sequencing operations from a library of single-pillar flow transformation 
maps match very well with the experimental results. A user can use a library of pre-simulated motions and place these in 
series to engineer a flow shape of interest. B. The systematic discretization of the pillar positions, similar to 
discretization of musical notes, facilitates the communication and reproducibility of different designs. C. Demonstration 
of a variety of cross-sectional flow patterns created using simple programs. The images show the wide range of 
interesting shapes that can be created using the simplest form of programming, using only different pillar positions while 
maintaining the channel geometry, pillar shape and size, and flow conditions. 
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Figure 3. Applications of inertial flow deformation. A. Extraction of particles from a fluid stream. While the fluid moves 
away from the channel center due to inertial effects, particles are maintained at the channel centerline due to inertial 
focusing. B. Separation of particles by size using a similar geometry (10 µm particles remain focused while 1 µm 
particles follow fluid streams). C. Moving fluid streams and solution exchange. D. Stream splitting. E. Microfluidic 
mixing.  
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MICROFLUIDIC SERIAL DAC FOR ANALOG  
PRESSURE GENERATION  
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ABSTRACT 
Soft polymer microfluidics often requires control methods for on-chip flow. Traditionally, this control is 

provided by push-up or push-down valves regulated by constant external pressures. We present an on-chip method 
to generate analog pressures from a single external pressure source. This microfluidic pressure DAC (Serial to 
Analog Converter) employs a serial DAC architecture and can be applied to both flow control and pressure control 
applications. The microfluidic serial DAC has a 30 psi dynamic range and displays a linear 4-bit output from 0-10 
psi at a cutoff frequency of 3 Hz. 

KEYWORDS 
Microfluidic, serial DAC, pressure regulation.  

INTRODUCTION 
The use of multilayer PDMS (Polydimethylsiloxane) microfluidics for the application of biological and chemical 

sciences has increased drastically. Nowadays, microfluidic setups can be used to precisely manipulate chemical 
reagents [1], perform complex biological processes such as PCR (Polymerase Chain Reaction) [2], and culture 
mammalian and bacterial cells [3]. To control the flow of fluids inside a multilayer microfluidic device, the 
predominant method remains the push-down or push-up valve that uses constant external pressure sources to 
collapse the flow channels above or below [4]. Even though two layer PDMS pneumatic valves provide robust 
performance and relatively fast actuation times, they do not provide the ability to partially restrict a flow channel 
without increasing the amount of off-chip control hardware. As microfluidic components scale, the quantity and 
complexity of off-chip pneumatic control would become limiting. 

A similar problem in electronics is solved by introducing the DAC, where a constant external (digital) voltage is 
converted into many (analog) on-chip voltages. Taking pressure in the fluidic domain to be the analogous quantity to 
voltage and flow rate analogous to current, it would be ideal to borrow the same idea from electronics and create an 
analogous structure which converts a digital, off-chip pressure to analog pressures. The serial DAC architecture 
lends itself nicely for this application since it has a simple structure that requires only valves and capacitors (Fig. 1a). 
Therefore, we present, in the rest of this paper, a microfluidic pressure serial DAC that acts effectively on any 
incompressible liquids. We demonstrate a 4 bit working pressure resolution with a cutoff frequency of 3 Hz, higher 
than all previously published microfluidic DACs [5, 6].  

Figure 1. Operation principle of the electronic serial DAC. (a) Schematic of an electronic serial DAC. (b) Voltage on 
the two capacitors as a 4 bit digital code 1010 is passed to the DAC. Digital code is serially passed in starting from 
the LSB. Each event represents the opening and closing of a valve. 

METHODS 
Electronic serial DAC operates based on charge sharing. To send a bit, Vdd or Gnd is charged onto C1. Then, S3 

initiates charge sharing. This process is repeated for each digit in a bit stream from the LSB (Least Significant Bit) to 
the MSB (Most Significant Bit) (Fig. 1b). For microfluidic serial DAC, switches are replaced by valves and 
capacitors by diaphragms (Fig. 2a). Pressure bits are passed in using similar valve actuation sequences. Instead of 
storing energy in electrical field, the fluidic capacitors store energy in the elasticity of PDMS membranes.  

Fabrication uses the standard two layer soft lithography process. SU8 and SPR are used to pattern control and 
flow layer molds respectively. After lithography, the flow layer mold is baked overnight to facilitate reflow of the 
SPR resist, which produces a rounded cross section profile. Off ratio Sylgard PDMS is used to mold both layers on 
the silicon master. The layers are joined by thermal bonding at 80C. Push-up valves are employed to increase the 
dynamic range of the DAC to 30 psi (Fig. 2d). Finally, the two layer structure is plasma bonded to a glass slide. The 
cross section schematic and the top view of the fabricated device are shown below (Fig. 2bc). 

To test the microfluidic serial DAC, all the cannels are first filled with water. Then, with a 10 psi external 
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pressure source, a 4 bit digital code is passed into the DAC. This causes C2 diaphragm to deform. A 40X objective is 
used to focus on the center of the diaphragm before and after this deformation to record the vertical displacement of 
the membrane. Then, the external pressure source is applied directly to the membrane to reproduce the deformation 
as the source pressure value is adjusted. Such a test setup is used both to record the output pressure for each input 
digital code combination and the z displacement at the center of the membrane caused by different pressures. 

  
Figure 2. (a) Top view schematic of the microfluidic serial DAC showing membranes, flow channels, and valves. (b) 
Cross section view showing push-up structure. (c) Top view of fabricated PDMS device showing fluidic capacitors 
and switches. Switch numbers correspond to (a). (d) Dynamic range of the DAC depends on the ability to close 
pressurized flow channels. This DAC’s dynamic range is at least 30psi. 

 
RESULTS 

Linearity of the DAC output is mostly affected by the linearity of the fluidic capacitors and how well C1 and C2 
matches. To investigate linearity of the fluidic capacitors, we look at the dependence of extra volume of liquid stored 
for a selected pressure dV/dP. This dependence is further divided into dz/dP and dV/dz. Figure 3a shows that the 
center displacement of fluidic capacitor membranes are reasonably linear with respect to applied pressure for
membranes whose diameters are 150, 200, and 250 µm. In addition, equation 4 shows that dV/dz is also linear when 
vertical displacement is smaller than the radius of the diaphragm, which is the case of the microfluidic DAC. 
Therefore, PDMS membrane in the microfluidic serial DAC acts as linear capacitors in the regime of our operation. 

 
Figure 3. Linearity of PDMS membrane as microfluidic capacitors (a) Vertical displacement of the C2 membrane 
show linear response to pressure from 0-10psi. Different lines represent diameter of fluidic capacitor membranes. (b, 
c) Assuming circular membrane deformation assumes a spherical profile, the extra volume created by an incremental 
increase in z can be calculated (Equations 1-4). R is the radius of the imaginary sphere, r is the radius of the PDMS 
membrane, and ! denotes solid angle created by R and R-z.  

Mismatch in C1 and C2 often result from asymmetrical channels attached to these structures producing different 
parasitic capacitances. This mismatch can often be studied through simulation and compared to experimental data.
By simulating the membranes and the channels using FEM (Finite Element Modeling), we confirmed the linearity of 
the volume verses pressure functions, as well as estimated the values of C1 and C2. The resulting C1:C2 ratios were 
1.083, 1.174 and 1.5 for 250, 200 and 150 µm diameter membranes respectively.  

We assessed the microfluidic serial DAC transfer function by investigating output linearity and frequency 
characteristics (Fig. 4). 4-bit digital input is used to create 16 analog output pressure levels between 0 and 10 psi. 
Devices with larger membrane diameters tend to display more linear output. This result is expected since larger 
membrane corresponds to larger linear capacitance and less parasitic effects from channels, which results in less 
mismatch. The vertical jump that occurs when the MSB is switched corresponds to a C1:C2 ratio of greater than 1, 
which is consistent with more channels attached to C1 and what we observed through simulation. Finally, the 
increase in output pressure corresponding to each input digital code as diaphragm diameter decreases can be 
explained by volume injection – the extra volume of liquid pushed into the fluidic chamber under the membrane 
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when a valve closes. The injection of extra liquid results in more force applied to the membrane and thus a greater 
output pressure. To compensate sources of nonlinearity for an N-bit operation, 2N linearly spaced output levels can 
be selected from outputs using N+1 bits. 

 
Figure 4. Microfluidic serial DAC measurement results (a) 4 bit digital input with various sized membranes from a 
10psi off-chip pressure source. Larger diaphragms show more linear response. (b) Frequency response using a 10psi 
off-chip pressure source and an input 4 bit digital code of 1010. Cutoff frequency is extracted to be 3Hz.  
 

Unlike other DAC architectures, the microfluidic serial DAC does not have an intrinsic resolution limitation. 
Theoretically it can achieve any resolution at the expense of speed. Therefore, tradeoffs between speed and 
resolution should be the criteria for selecting operation modes of the microfluidic serial DAC. As an example, a 4-bit 
digital input on a 200 µm membrane DAC produces a cutoff frequency of 3 Hz (Fig. 4b). 

 
CONCLUSION 

In this paper we demonstrate a microfluidic pressure DAC based on the serial DAC architecture. This device is 
compatible with standard 2 layer soft lithography. Therefore, integration of the serial pressure DAC into other 2 
layer microfluidic devices will require no extra fabrication steps. The DAC can effectively provide more on-chip 
pressures with no addition of external pressure sources. It has a small form factor and demonstrates relatively linear 
transfer function, 3 Hz cutoff frequency, and a dynamic range of 30 psi.  

 
Figure 5. Possible applications for microfluidic serial DAC (a) Post fabrication adjustment of flow resistance (b) 
Close loop on-chip control (c) Analog pressure arrays using one external source. 
 

Compared to previously published DACs that directly manipulates flow, the microfluidic serial DAC can be 
flexibly applied to flow-driven and pressure-driven applications. For flow driven applications, it can be used to 
adjust the flow resistance of each channel post-fabrication so that the concentration gradient does not depend on 
precisely matching channel geometries (Fig. 5a). Microfluidic serial DAC can also be used to provide close loop 
on-chip feedback of flow rates (Fig. 5b). Finally, physical or biological responses to different pressures can be 
studied with only one external pressure source using the pressure serial DAC (Fig. 5c). 
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ABSTRACT 
We have developed a surface energy traps enabled magnetic droplet manipulation platform that provides a full range 

of droplet operations and enables complex liquid handling, thereby greatly extending the applicability of magnetic 
droplet platform to intricate biomolecular assays. 
 
KEYWORDS: 
surface energy trap, droplet microfluidics, magnetic actuation 
 
INTRODUCTION 

In digital microfluidics, microliter scale droplets are situated on a low-energy open surface[1]. Such droplets often 
function as material storage and transportation units. Sample transfers, biochemical reactions and analytes detection are 
accomplished by dispensing, moving, splitting and merging droplets through a number of actuation mechanisms such as 
magnetic force[2-4], electrowetting (EWOD)[5], surface acoustic wave [6], and dielectrophoresis[7]. Magnetic actuation 
is among the most popular methods. To do so, magnetizable particles (MPs) are added to the droplet to serve as the 
actuator. External magnetic field is then applied to control the motion of the droplets via MPs. In addition, MPs also 
function as molecule carriers for inter-droplet material transfers by providing solid substrate for molecule adsorption.  

Despite its numerous advantages, magnetic actuation has certain limitations. First, whether the droplet moves along 
with the MPs or split from the MPs depends on the interplay between the magnetic forces on the MPs, the surface tension 
around the MPs plug and the drag force acted on the droplet. It often requires fine tuning of the magnetic particle and the 
droplet volume to achieve optimal operation[8]. Second, magnet actuated droplet is limited to basic operations such as 
droplet movement, merging and MPs extraction. One very important operation, which is to dispense droplet aliquots 
from the stock solution, has not been achieved on any magnetic droplet platforms so far. 

 
Figure 1: Conceptual illustration of SETs-assisted magnetic droplet manipulation platform. A)andB) The SETs are 
patterned by selectively removing portions of the Teflon AF nanofilm using reactive ion etching through a SU8 shadow 
mask. C) The SETs-assisted platform allows common droplet operation such as (a) droplet moving and merging. In 
addition, b) SETs facilitates particle extraction and c) enables droplet dispensing, which greatly broadens the 
applicability of magnetic droplet systems.   
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Up until now, only EWOD based droplet platforms have demonstrated the ability to dispense small droplets from the 
stock solution. It is a valuable tool for open surface droplet control. Nevertheless, a major drawback has greatly limited 
its ability to perform complex assays. Functionalized micro particles are usually required to isolate analytes of interest in 
biochemical reactions through solid phase extraction. EWOD alone is not able to separate the particles from the droplet. 
Usually a secondary mechanism is in place to facilitate the particle extraction. Commonly used methods include 
dielectrophoresisand magnetic force. The additional mechanism further complicates the already convoluted system, 
rendering it less portable and less desirable for biomolecular sensing.  

 
Figure 2: A) Workflow for creating SU8 shadow and patterning SETs with the SU8 shadow mask. B) Picture of SU8 
shadow mask. C) Thickness of Teflon AF on v.s. spin speed. The SU8 shadow mask is reusable. The entire SETs 
patterning process completes in less than 2 min. 

EXPERIMENTAL 
Having understood the limitations of existing droplet manipulation methods, we propose a novel surface energy traps 

(SETs)-assisted droplet manipulation platform (Fig. 1). SETs are high-energy islands surrounded by regions of low 
surface energy. They function by altering the surface wetting property. SETs are patterned by O2 plasma etching of 
Teflon nanofilmthrough a SU8 shadow mask, which is lithography defined and lift-off from a sacrificial layer (Fig. 2). 
The shadow mask protects the Teflon AF nanofilm meanwhile exposes the SETs regions. The unexposed regions 
maintain their low-energy coating while the exposed regions are etched and rendered hydrophilic. As a result, SETs 
possess high surface energy and trap liquid within their boundaries. 

 

Figure 3:Demonstration of droplet manipulation of the SETs-enabled platform. (A) Droplet moving, merging and 
particle extraction. B) Droplets dispensing in air. C) Droplet dispensing in oil. 
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RESULTS AND DISCUSSION 
The platform allows common droplet operation including droplet moving and merging. In Figure 3a, the orange 

droplet is moved to merge with the blue droplet using magnetic actuation with magnetic particles (MPs). SETs are first 
demonstrated for easy MPs splitting. The SET holds the merged droplet in position whereas the MPs plug overcomes the 
surface tension and splits from the droplet (Fig. 3a). In addition, droplets of pre-determined volumes can be metered and 
aliquoted from the parent droplet using SETs (Fig. 3b-c). By adjusting the size of the SET, the surface tension along the 
SET contact line becomes weaker than the capillary force around the MPs plug. As a result, MPs plug does not split from 
the droplet. Instead, a daughter droplet is metered and aliquoted from the parent droplet. The SET does not only operate 
in air (Fig. 3b) but also in oil (Fig. 3c) environment, indicating potentially broader applications. 

Whether the MPs plug splits from the droplet or daughter droplets are dispensed from the parent droplet is the 
interplay between the MPs amount, droplet volume and SET size. A 3D phase diagram is created based on the 
observations under various conditions (Fig. 4). The phase diagram helps understand the working principle of SETs and 
facilitate the SET design. Combination of SETs of different sizes can be arranged for more complex tasks. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: A) The effect of SETs is the interplay between surface tension, magnetic force and drag force, as well as SETs 
sizes and MPs amounts. B) Four events are observed under various conditions: 1. the magnet disengages from the MPs; 
2. the MPs plug splits from the droplet and escapes; 3. the SET meters an aliquot from the droplet; 4. the droplet splits 
equally between the SET and the MPs plug. C) The four events observed under various conditions are constructed in a 
3D phase diagram. 
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reduces droplet’s IFT, but also reduces its sensitivity to a surfactant 

gradient.  Therefore, when placed in a surfactant concentration 

profile, droplets containing surface active agents (low IFT) will 

migrate slower than pristine droplets (high IFT).  If the surface 

active agent is at a sufficiently large concentration, it will inhibit 

migration of the droplet completely.  In this way, the droplet’s 

migration velocity can serve as a physical indicator of its chemical 

composition.  Depending on their migration velocity, the droplets 

can be passively sorted in the separation channel and captured in 

separate outlets at the far end (Fig. 1C). 

 

EXPERIMENTAL SETUP 

   To characterize the label-free sorting of droplets, a tertiary 

microfluidic junction with an 800 µm wide sorting channel (Fig. 2A) 

was fabricated in polydimethylsiloxane (PDMS) using soft 

lithography.  Droplets with a range of concentrations of BSA/SDS 

were injected through the lower inlet while the middle and top inlets 

were used to inject pure oil (oleic acid) and oil-surfactant (Span 80) 

mixture, respectively.  Droplet migration was visualized in 

fluorescence or bright field using a high speed digital camera.  The 

flow velocity, migration profile, settling position and deformation of 

the droplet were measured using droplet tracking velocimetry (DTV), 

a custom image processing software described in [8].     

 

RESULTS AND DISCUSSION  

   Droplet Migration.  Fig. 2 illustrates the quantitative analysis of 

droplet migration in a binary surfactant gradient.  The migration 

velocity depends on the surfactant concentration in the upper stream 

as well as the size of the droplet.  To demonstrate this, we track the 

trajectories of a 350 µm droplet subjected to various surfactant 

concentrations in the upper stream (Fig. 2C).  When the 

concentration is less than the critical micelle concentration (CMC, 

20% v/v), the droplets migrate completely into the upper stream. 

Beyond the CMC, the formation of the stagnant cap prevents 

complete migration, which results in the droplet settling at the 

interface [7].  The variation of drop migration velocity and 

deformation with surfactant concentration is shown in Fig. 2D&E, 

respectively.  Migration velocity increases rapidly with surfactant 

concentration until the CMC, beyond which it remains almost 

constant (Fig. 2D).  The deformation of the droplet during migration 

also increases with surfactant concentration, due to the non-uniform 

capillary pressure build up across the droplet (Fig. 2E).   

   Since the migration velocity is proportional to the IFT gradient, 

this technique can be used to sort the droplets based on the presence of 

surface active agents.  We have demonstrated this concept using 

water-in-oleic acid droplets containing sodium dodecyl sulfate (SDS) 

(Fig. 3) and bovine serum albumin (BSA) (Fig. 4 & 5).  

   Droplet Sorting Based on SDS Concentration.  Fig. 3 

illustrates the label free sorting of droplets based on SDS 

concentration.  Droplets containing DI water or 2.3mM SDS 

solutions are injected through the lower inlet at the flow rate of 1-3 

mL/hr.  The upper half of the sorting channel contains oleic acid + 5% Span 85, while the lower half contains the 

droplets in pure oleic acid.  Pristine droplets initially migrate slowly towards the interface, and upon contact they 

quickly traverse the boundary to the upper stream.  By contrast, droplets containing SDS do not migrate.  The 

putative cause for the difference in migration profiles is shown in Fig. 3A.  SDS (green) adsorbs to the interface, 

preventing adsorption of the external surfactant (orange).  This precludes the formation of an IFT gradient across the 

droplet, which is necessary for migration.  Based on their migration, pristine droplets and SDS droplets collect in 

outlets A and B, respectively.   

   Droplet Sorting Based on BSA Concentration.  Fig. 4 illustrates droplet sorting by protein concentration.  In 

this experiment, we inject ~550 µm aqueous droplets containing various concentrations of BSA in an 800 µm sorting 

channel.  The sorting channel contains two parallel streams of oleic acid, the upper with 10% v/v Span 85 

surfactant, and the lower stream with no surfactant.  The total flow rate of all three phases is 25 µL/s.  Droplet 

Fig. 2: Capillary migration of droplets in a 

binary IFT gradient. (A) Chip schematic. 

(B) Fluorescent image of migrating droplet. 

(C) Droplet trajectories at various 

surfactant concentrations. (D) Migration 

velocity and (E) droplet deformation at 

various surfactant concentrations. 
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migration profiles are imaged by 

overlaying subsequent frames. 

Droplets containing no protein 

experience sharp migration at 

velocities up to 2 mm/s, while 

droplets containing 125 nm BSA 

experience slower or more 

gradual migration.  The reason 

for the difference is the same as 

described for SDS because both 

molecules adsorb to the interface.  

Fig. 5 shows the decrease in 

migration velocity with 

increasing protein content (blue).  

Also shown is the IFT of a bulk 

protein solution.  The migration 

velocity becomes zero at about 50 nM, close to the knee of the IFT curve.  This defines the upper working range of 

this technique.  It is interesting to note that this corresponds to 7 femtomoles of protein in the droplet.   

Fig 4: Label free droplet sorting by protein concentration.  Protein sorting is accomplished in 3 steps (drop 

generation, incubation, and sorting).  The images show the migration profile of a pristine droplet (top) versus a 

droplet containing 125 nM BSA in a binary surfactant profile.  The migration velocity is measured near the inlet 

using image processing software.  The two types of droplets are sorted into respective outlets A and B. 

CONCLUSION  

   In this paper, we used tensiophoresis as label-free method to 

sense protein and other surface active agents in droplets based 

on their migration velocity in a surfactant gradient.  Since 

many biomolecules are known to adsorb to interfaces, 

tensiophoresis can potentially serve as a simple, passive, and 

sensitive method for sensing and sorting in in a variety of 

biochemical screening assays.  
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Fig. 5: Droplet migration velocity as a function 

of protein content within the droplet (Blue) and 

interfacial tension vs. protein concentration 

measured using a traditional pendant drop 

method (Red).   

Fig.3: Label-free droplet sorting by chemical composition. (A) Pure droplets 

migrate steadily and collects at outlet A. (B) Droplet containing SDS (2.3mM) 

do not migrate and are sorted to outlet B. 
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A Continuous Flow Microdroplet “Lysis” System 
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ABSTRACT 

Microdroplet-based technologies are ideally suited for a wide range of chemical and biological applications.  
Although researchers have developed highly effective methods for handling droplets within microfluidic systems, 
difficulties remain for retrieving the inner contents of droplets (e.g., biomolecules, reagents, cells, and microbeads).  
To achieve this goal, here we demonstrate a versatile, continuous flow methodology for “lysing” microdroplets.          
Our microfluidic platform passively: (i) guides droplets between different liquids (i.e., oil flow and water flow),      
(ii) washes away the surfactant of microdroplets, and (iii) lyses the droplets to release their contents into the water flow.  
The presented system was employed to wash and lyse water-in-oil droplets (31.6 µm in diameter) as well as separate 
the contents from the oil within a few minutes.   
  
KEYWORDS 

Railing, Microdroplet, Lysis, Microfluidics, Lab-on-a-Chip  
 

INTRODUCTION 
For advanced biological applications, such as genomics, quantitative cellular studies, and point-of-care diagnostics, 

microdroplet-based platforms offer significant advantages, including rapid mixing and low background noise [1-4].  
In particular, continuous flow methodologies could provide high-throughput processing capabilities for  
microdroplets [5].  Previously, continuous flow hydrodynamic railing systems have been successfully employed to 
passively handle microdroplets [6-9], microbeads [10-13], and living cells [13].  Although the formation of droplets is 
relatively simple, methods for retrieving the contents inside droplets remain complex and time-consuming, mainly due 
to the existence of the surfactant in the oil solution.  To overcome this issue, here we use a continuous flow micropost 
array railing system to rapidly separate, wash, and lyse microdroplets, and retrieve the contents inside the droplets. 
 
CONCEPT 

Figure 1 illustrates the basic concept of the microdroplet lysis system.  The system consists of arrayed microposts 
and three microfluidic flow channels, corresponding to continuous loading of water-in-oil droplets with surfactant 
(yellow), oil without surfactant (blue), and water flow (magenta).  As shown in prior reports, the arrayed microposts 
enable suspended microparticulates to be guided without disrupting the primary flow directions of the continuously 
loaded fluids [6, 11-13].  At the first junction (see Fig. 1), microdroplets are guided from the oil flow with surfactant 
to the oil flow without surfactant, which serves to remove the surfactant from the droplets.  At the second junction, the 
shear force of the water flow combined with the surface tension of the droplets result in the collapse of the droplets, 
thereby releasing the contents of the droplets into the water flow.  Thereafter, the water solution containing the 
contents of the droplets is collected at the outlet while the remaining oil phase flow is directed to the waste ports.   

 

 
Figure 1. Conceptual illustrations of the continuous flow microdroplet “lysis” system.  Fluids including 
water-in-oil droplets with surfactant (yellow), oil without surfactant (blue), and water flow (magenta) are continuously 
inputted in parallel.  The arrayed microposts passively guide the droplets into the adjacent flow streams to wash the 
droplets (and remove the surfactant) and then lyse the droplets.  Microdroplet lysis enables the contents inside the 
droplets to be retrieved for subsequent analysis and/or use in additional experiments.  
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Figure 2. Microphotos of a fabricated microdroplet lysis system.  (a-c) The system has three independent inlets and 
outlets for the continuous inputs of droplets, oil, and water solutions, as well as arrayed microposts for passively 
guiding the movement of the microdroplets.  (d) Water droplets are generated separately via an H-shaped junction. 
   
FABRICATION 

Figures 2(a-c) show microphotos of a fabricated device.  In contrast to our prior works [11-13], here we used a 
two-layer soft lithography process to maintain a gap between the microposts and the substrate.  The thickness of the 
microposts and the main channel were 10 µm and 20 µm, respectively.  For the successful guidance of the droplets, 
the microposts (15×15 µm2 squares; 5 µm separation gap) were arrayed at a 1º angle with respect to the direction of the 
fluid flow.  These structures were transferred from a SU-8 mold to poly(dimethylsiloxane) (PDMS), and then 
permanently bonded to glass substrates via oxygen plasma treatment.    

The water-in-oil microdroplets were formed using an H-shaped junction in a separated device.  The outlet of the 
device was connected to the inlet of the microdroplet lysis system.  We used green-dyed deionized water for the water 
phase flow and Hexadecane with 5 wt% of Span 80 for the oil phase flow with surfactant.  Figure 2d shows the 
formation process of the water-in-oil microdroplets.  The average diameter of the formed droplets was 31.6 µm.   

 
EXPERIMENTAL RESULTS 

Experimental testing revealed that the microfluidic system facilitated microdroplet lysis, with the successful 
retrieval and separation of the contents of green-dyed water-in-oil microdroplets from the oil solution.  Figure 3 
shows experimental results for the droplet lysis process.  First, droplets are guided via the arrayed microposts from the 
Hexadecane solution with Span 80 (top microchannel) to the pure Hexadecane solution without surfactant (center 
channel) at the first junction.  Droplets that are smaller than 20 µm in diameter as well as aggregated surfactant bypass 
the arrayed microposts and flow downstream to the oil waste port (Fig. 3a).  The Hexadecane flow channel can wash 
the surface of the droplets to reduce the amount of surfactant – Span 80 – on the surface of the droplets.  At the second 
junction between the Hexadecane and the water microchannel, the boundary of Hexadecane and the water flow is 
deformed because the Hexadecane is also partially guided by the microposts into the water microchannel (i.e., due to 
relatively strong surface tension forces).  It is observed that the flow velocity of overflowing Hexadecane is slower, 
causing some droplets to merge together in the overflow region – a phenomenon that is not observed in the 
Hexadecane solution with Span 80.  This suggests that surfactant on the droplet surface has been washed away after 
the washing step in the pure Hexadecane flow microchannel.  When the droplets contacted the red-dyed water flow at  

  

 
Figure 3. Experimental demonstration of the microdroplet lysis system. (a) Introduced water-in-oil microdroplets 
are guided by the arrayed microposts from the Hexadecane solution with Span 80 in the top microchannel to the 
pure Hexadecane flow in the middle microchannel for the first wash step. (b) After being washed by the oil solution 
without surfactant in the middle microchannel, microdroplets are successfully lysed at the second junction between 
the Hexadecane without surfactant (middle channel) and the water (bottom channel).  The droplets and water are 
dyed in green and red, respectively, for visibility purposes.  The water changes color subsequent to droplet lyses.   
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the second junction, the surface of the droplets merged together at the boundary of the water flow due to the loss of 
surfactant on the droplet surface.  Consequently, the contents inside the droplets were released into the water flow, 
which enabled collection at the end of the water microchannel.  The color of the water flow was observed to change 
from its original red color to purple when the green-dyed water in the droplets was released and mixed with the dyed 
water (Fig. 3b).  These results demonstrate the capability of using the presented continuous flow microfluidic system 
to: (i) lyse water-in-oil microdroplets, (ii) release the inner contents of droplets into water flow, and (iii) separate the 
droplet contents from the oil.   
 
CONCLUSION 

In this paper, we have developed a continuous flow microdroplet lysis system to provide a sequential wash and lysis 
process via a microfluidic railing methodology.  We have successfully demonstrated the guidance of water-in-oil 
droplets (ø = 31.6 µm) into different liquids of microchannels by utilizing microposts arrayed at a 1º angle from the 
flow direction, with a 10 µm gap between the microposts and the glass substrate.  Microdroplets were sequentially 
washed with pure Hexadecane and lysed in the final microchannel with deionized water.  Among various types of 
potential microdroplets, water-in-oil droplets containing only green-dyed deionized water were chosen in this work 
merely as a demonstrative example.  Thus, the same lysis system could be applied to other types of microdroplets.  
Because it has been previously shown that the micropost array railing system can also be used for other types of 
microparticles, such as living cells and microbeads [10-13], the droplet lysis principle demonstrated in this work could 
be employed to rapidly retrieve such particles from within droplets.  As such, this quick, robust, and easy-to-operate 
lysing system could enable the extraction of components generated in microdroplet-based assays for follow-up 
experiments to expand the potential of microdroplet technologies for advanced biological applications.   
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REPLACING FLOWS WITH GRADIENTS OF CONFINEMENT 
IN DROPLET MICROFLUIDICS 

Rémi DANGLA, Serif C. KAYI and Charles N. BAROUD 
Ladhyx, Ecole Polytechnique, Palaiseau, FRANCE 

ABSTRACT 
    This paper presents a novel strategy for droplet microfluidics which enables the 2D manipulation of drops within 
microchannels without requiring any flow of the external phase. The key droplet operations such are production, 
transport, guiding, trapping and merging are implemented simply by modulating the shape of the top microchannel 
boundary. We demonstrate how to cover applications ranging from single droplet operations, common in digital 
microfluidics [1,2], to the high throughput available in classical flow-driven droplet microfluidics [3,4], all in simple 
and inexpensive devices. 
.  
KEYWORDS 
drop, droplet, interfacial tension, surface energy, microfluidic plateform 

INTRODUCTION 
Previously, we showed that gradients of confinement could apply sufficient forces to guide or trap drops using 

micro-fabricated grooves, which were called “rails” and “anchors” [5]. It has also been known for over 300 years [6] 
that a drop in a confinement gradient is propelled towards the region that minimizes its surface energy. The question 
that is addressed here is whether droplets can be produced through a gradient of confinement. 

EXPERIMENT 
This operation is achieved by using the emulsification nozzle sketched in Fig. 1, which consists of an inlet channel 

of height h0 and width w that leads to a wide reservoir whose ceiling is inclined at a small angle  with respect to the 
floor. When a non-wetting dispersed phase is injected through the inlet channel, it forms an elongated fluid thread in 
the inlet channel, leaving out corner gutters of the continuous phase. As soon as it reaches the reservoir, it expands into 
an elongated tongue upon reaching the reservoir and grows until the thread pinches upstream of the reservoir and 
inside the inlet channel, releasing a droplet of radius R. This scenario occurs in all of the sloped nozzles investigated, 
spanning angles in the range 0.5°<< 4.5°, widths from 100 < w < 500 µm, operated at flow rates Q = 0.04 to 40 
µL/min. In contrast, the tongue grows indefinitely in a flat reservoir as shown in Fig. 1C. 

Figure 1: A. Sketch of the device geometry. The dispersed phase is pushed through the inlet 
microchannel into a wide reservoir that contains the stationary continuous phase and whose top 
wall is inclined at an angle . B. Experimental images showing the production of an oil droplet in 
water: the tongue elongates until a neck appears. It pinches and releases a pancake droplet of 
radius R which is propelled away into the reservoir. C. Experimental image of a water tongue 
growing indefinitely in a flat reservoir filled with oil.  

    Experimental measurements the drop size R versus the injection flow rate Q for various nozzle geometries and 
different fluid pairs (water in oil, oil in water and air in water) are shown on Fig. 2 and reveal the characteristics of the 
device. First, we observe that the drop size decreases to a finite value R0 when Q tends to zero. Second, at low flow 
rates, the drop size is independent of the fluids used and their physical properties, i.e. their viscosity and the interfacial 
tension. Second, Q has only a small influence on R: a 1000 fold increase in flow rate barely doubles drop size. All these 
observations indicate that Q does not play a critical role in the droplet formation mechanism, in contrast with classical 
methods of droplet production like the T-junction or the flow-focusing geometry [7]. 
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Figure 2: Measured droplet radii R versus the injection flow rate Q of the dispersed phase for 
three fluid pairs (water in oil, oil in water and air in water) and three slope values. 

 
    Owing to the low sensitivity of R to fluctuations in flow rate and physical properties of the fluids, the nozzles can 
be massively parallelized to achieve high throughput emulsification. This is demonstrated in the device of Fig. 3 which 
contains of 256 parallel nozzles of dimensions h0 = 15 µm and w = 50 µm supplied in dispersed phase from a single 
distribution channel. The nozzles lead to a central circular sloped reservoir shaped as a dome. Here, 0.2 nL  oil 
droplets are produced in water at a frequency of 1500 drops/second by injecting the dispersed phase at a flow rate 
Q=20 µL/min. 
 

 
Figure 3:  Parallelization of the channels allows the production of monodisperse emulsions, at 
kHz frequencies here. 

 
   Alternatively, because the droplet size does not exhibit transients, individual droplets can be generated on demand 
in order to perform controlled chemical reactions for example. With the device in Fig. 4, two 170 µL aqueous drops 
containing different reagents are formed from two inlets by injecting the dispersed phases at 50 µL/min during 0.2 s. 
The rest of the experiment takes place with out any forced flows. The slope of the reservoir propels the two drops 
downstream and away from the nozzles while two rails, etched in the sloped surface, guide the drops towards an 
anchor where they meet and react together.  
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Figure 4: Drop-on-demand operations can be programmed by combining the drop production 
and the "rails and anchors" technology. 

 
    Overall, this proof of concept paves the way for a new generation of droplet-based devices powered by interfacial 
tension and confinement gradients, in place of the usual outer flow. 
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GIANT VESICLE FORMATION  
THROUGH THE ASSEMBLY OF 2D SUPPORTED LIPID BILAYERS 
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1Electronics-Inspired Interdisciplinary Research Institute (EIIRIS), Toyohashi University of Technology, Japan 

 2Electrical and Electronic Information Engineering, Toyohashi University of Technology, Japan 
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ABSTRACT 
    We report vesicle formation through the assembly of patterned supported lipid bilayers (SLBs) aiming at easy 
production of giant vesicles with the properties of (i) unilamellar, (ii) organic solvent free, and (iii) fine size control. 
We prepared SLBs which were formed by a conventional vesicle fusion method using small vesicles of ~ 100 nm in 
diameter on patterned SiO2 surface and attempted to produce giant unilamellar vesicles from the SLBs by 
electroformation. The SLBs containing fluorescently-labeled lipid were investigated with fluorescence recovery after 
photobleaching (FRAP) and atomic force microscopy (AFM). Results of the FRAP and the AFM observations 
showed that the lipid membranes were single-layered patterned homogeneous SLBs. After the electroformation, we 
obtained images of vesicles which implied that they were derived from the patterned planar SLBs. Furthermore, the 
result of vesicle size distributions seemed to indicate that the formed vesicle size depended on the pattern of 
2-dimensional SLBs. 
 
KEYWORDS 
Liposome, Vesicle fusion, Supported lipid bilayer, Fluorescence recovery after photobleaching, Electroformation. 

 
INTRODUCTION 

Lipid membranes are used for a model system of plasma membranes. Many researchers have been focused on 
producing of cell-sized and monodisperse liposomes or vesicles from lipid membranes [1, 2] and using them as 
mimic cells or applying them to carriers for drug delivery systems (DDS). In these days, it is reported that vesicles 
are actually utilized for compartments of self-reproducible cell-like artifacts [3, 4]. And also, a recent research has 
shown that vesicle size has an effect on the drug efficacy in DDS [5]. Thus, there is an increasing demand for 
producing size controlled unilamellar vesicles in large quantity with uniform quality. To fulfill the requirements of 
producing such vesicles, some microfluidic devices (e.g. T-junction, and flow-focusing devices, etc.) are very usable. 
In those kinds of approaches, however, it is often a concern that the formed membranes are unilamellar or not. In 
addition, there is an anxiety about residues of biologically destructive organic solvents that have to be used in 
processes of lipid membrane preparations. On the other hand, it is noted that single-layered supported lipid bilayers 
(SLBs) can be easily formed through the vesicle fusion or SLB self-spreading without any concern for residues of 
organic solvents [6, 7]. Here, we attempted to produce unilamellar vesicles from the unfolded 2-dimensional pattern 
SLBs as schematically shown in Figure 1. 
 

 
Figure 1: Concept image of vesicle formation through the patterned single-layered supported lipid bilayer (SLB). 

 
EXPERIMENT 

We prepared the patterned SLBs on silicon substrates using photolithography techniques and vesicle fusion 
methods as shown in Figure 2 and described below. 

4-inch silicon substrates (P-type, Boron doped, Si(100), 525±25 μm thickness, 11.4–11.8 Ω·cm resistance, Ryoko 
Sangyo Corp.) were preliminarily cleaned with three chemical solutions in the order of (i) boiling piranha solution 
(H2SO4/H2O2, 4:1, v/v) for 10 min, (ii) NH3/H2O2/H2O (1:4:20, v/v) mixture for 10 min at room temperature (RT), 
and (iii) HF solution (5%, v/v) for 10 min at RT. The substrates were then rinsed with distilled water and 
subsequently dried by blowing with dry N2 gas. Finally, the cleaned substrates were oxidized with thermal oxidation 
to form SiO2 surface layer whose thickness was about 100 nm. We prepared the SiO2 layer for fluorescent 
observation particularly since it was known that the intensity of fluorescence we used could be enhanced in 
appearance on the about 100-nm-thick SiO2 [8]. As shown in Figure 2, Ti and Au were sputtered using sputtering 
equipment (C-7250, Canon ANELVA Corp.) on the substrates surface after photoresist patterning and reactive ion 
etching processes. Ti was used for adhesion layer between Au and Si. And Au was used for preventing vesicles’ 
rupture and forming SLBs outside of SiO2 areas. 

 We used two kinds of synthetic phospholipid molecules which were 2-(4,4-difluoro-5,7-diphenyl-4-bora-3a, 
4a-diaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (β-BODIPY® 530/550 C5-HPC, 
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Life Technologies Corp.) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids, Inc.) These 
two kinds of lipids were dissolved with chloroform and mixed with the molar ratio of 1:100 (β-BODIPY : DOPC) 
and the mixture was subsequently spread promptly on inner wall surface of clean glass tubes at RT. After the 
chloroform was volatilized completely, we added a buffer solution (100 mM KCl, 25 mM HEPES/NaOH pH 7.4) 
and violently agitated to make multilamellar vesicles. The vesicles were broken up by freeze-thaw cycles and 
extrusion. And we eventually obtained suspensions containing small vesicles of ~ 100 nm in diameter. We dropped 
the vesicle suspension on the above-mentioned substrates and left the samples for 1 hr at 45 °C. The supernatant 
containing redundant vesicles was substituted thoroughly with the above-mentioned buffer solution at RT after the 
SLB formation. The formed SLBs existed in aqueous solutions through the whole process. 

The SLBs were investigated with fluorescence recovery after photobleaching (FRAP) and an atomic force 
microscope (AFM) (NanoWizard® II, JPK Inst. AG) before electroformation. Electroformation was performed using 
a function generator (WF1974, NF Corp.) that gave sinusoidal AC field of 10 V with 10 Hz at RT for 1 hr. After the 
electroformation, we measured the particle size distributions with Coulter counter (Multisizer™ 4, Beckman Coulter, 
Inc.).  

 
Figure 2: Process flows of the substrate fabrication, vesicles preparation, SLB formation, and electroformation. The 
SLBs were investigated through fluorescence and AFM observations. 
 
RESULTS AND DISCUSSION 

As shown in Figure 3A and 3B, we successfully fabricated the substrates which were patterned with SiO2 and Au. 
Then, we succeeded in forming patterned lipid membranes selectively on the SiO2 area through the vesicle fusion 
method as shown in Figure 3C and 3D. The fluorescence micrographs had good contrast between lipid membrane 
area and the outside due to the about 100-nm-thick SiO2 underlayer.  
 

 
 

Figure 3: (A) Bright field micrograph of the fabricated substrate and (B) the magnified image before SLBs formation. 
(C) Fluorescence micrograph and (D) the magnified image after SLBs formation. 
 

We observed FRAP and AFM topographies to confirm that the formed membrane was uniform, and “single” or 
“multi” layered. According to the results of FRAP observations, the patterned lipid membranes showed the property 
of uniform and homogeneous SLBs as shown in Figure 4. Fluorescence recoveries were observed in the SLB area. 
Meanwhile, the recoveries did not occur outside of the SLB. Hence, we found that the patterned SLBs were fluid and 
continuous, and there were no membranes on Au area. 
 

 
 
Figure 4: FRAP experiment. (A) Fluorescence micrograph of SLB before photobleaching. (B) A schematic view of 
FRAP for the SLB. (C) Time sequence images of the FRAP. 
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Figure 5A, 5B, and 5C show that topographies and section profiles of the sample before and after the SLB 
formation. After the SLB formation, the height of the patterned SiO2 regions increased by 5-10 nm. These results 
indicate that single-layered SLBs are selectively formed on SiO2 area. After the electroformation, we obtained 
images of about 10 μm in diameter vesicles which implied that they were derived from the patterned planar SLBs 
(Figure 5D and 5E). And the observation results almost agree with the particle size distributions. These results mean 
that we successfully fabricated patterned SLBs which are potentially useful for vesicle electroformation from the 
assembly of 2-dimensional patterned SLBs. 
 

 
 
Figure 5: Topographies (35 μm × 35 μm) of the sample substrate (A) before and (B) after SLB formation. (C) The 
cross-section profiles which correspond to (A) blue and (B) red bars a–b respectively Fluorescence images of 
vesicles, (D) an adsorbed vesicle, and (E) floating vesicles, after the electroformation.. 
 
CONCLUSION 

We fabricated single-layered patterned homogeneous SLBs and found that vesicles could be formed from the 
SLBs through electroformation. The diameter of formed vesicle agreed with the size which was expected from 
patterned SLB area. We expect that this approach can be used for size controlled unilamellar vesicle formation. 
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ABSTRACT 
    We describe a passive membrane permeability assay using droplet lipid bilayers (DLBs) arrayed in a 
microfluidic channel. We prepared parallel DLBs between nanoliter-sized donor and acceptor aqueous compartments 
in lipid oil by coupling microfluidic droplet generation and selective aspiration of excess oil through pseudo-porous 
sidewalls. We have fluorometrically analyzed the permeation of fluorescein across the DLBs to calculate its 
permeability. Furthermore, we measured the permeability of caffeine across a DLB by using UV microspectroscopy. 
 
KEYWORDS 
Droplet interface bilayers, permeation, diffusion, drug screening, pharmaceutical compound  

 
INTRODUCTION 

Membrane permeability assays play an important role in drug discovery to assess passive transport of 
pharmaceutical compounds across biological membranes. Parallel artificial membrane permeability assays (PAMPA) 
[1], which use two-layered multi-well plates to measure permeation between top and bottom wells, have been widely 
used to assess passive permeability of many drug candidates simultaneously. However, the lipid and oil mixtures 
10-100 μm in thickness used in this method are dissimilar to biological membranes, leading to longer assay times 
(many hours) and limiting throughput in measurement. 

Recently, several methods have been reported allowing the creation of 2D or 3D networks of droplet lipid 
bilayers (DLBs) [2–6]; however, no report exists yet on the use of DLBs for quantitative passive permeation assays. 
Here, we report a passive membrane permeability assay using high-throughput formation of parallel DLBs in a 
microfluidic channel [7]. 

 
EXPERIMENTAL 

A wide main channel (width 200 μm) and narrow subchannels (width 20 μm, pitch 50 μm) with a uniform depth 
of 100 μm were fabricated on a synthetic quartz chip by deep reactive ion etching (DRIE) (Figs. 1ab) and sealed by 
fusion bonding with another quartz chip. The microfluidic channels were then modified to be hydrophobic by 
trichloro(octadecyl)silane (Sigma) for both formation of aqueous droplets (Fig. 1c) and selective oil removal (Fig. 
1d). The organic phase consisted of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids) 
phospholipids dissolved in hexadecane to make a 5 mg mL-1 solution. For the measurement of fluorescein 
permeation, we prepared three donor aqueous phases (250 mM fluorescein, 350 mM KCl, 10 mM HEPES) having 
different pHs (pH 5.4, 6.4, and 7.5). An aqueous buffer without fluorescein (350 mM KCl, 10 mM HEPES, pH 7.5) 
was used for the acceptor phase. Gastight glass syringes (Hamilton) were filled with those solutions. For infusion 
and withdrawal of those solutions, we employed three syringe pumps (KDS 220 and Legato 200, KD Scientific). 
Fluorescein permeation was recorded by a cooled 
digital CCD camera attached to an inverted 
fluorescent microscope (Eclipse Ti, Nikon).  
 
RESULTS AND DISCUSSION 

Nanoliter-sized acceptor and donor droplets of 
similar sizes were alternately formed from the two 
inlets when two aqueous streams were supplied at the 
same flow rate into the cross-flowing organic stream 
under low Reynolds and Capillary number condition. 
Although the generation frequency can be increased 
as high as 103–104 Hz at higher flow rates, we 
typically set low flow rates so as to produce 
plug-shaped aqueous droplets of 5–6 nL at moderate 
frequency below 10 Hz (Fig. 2a). This slow 
generation at low flow rates served to minimize the 
movement of droplets by residual pressure-driven 
stream when the infusions by the syringe pumps 
were stopped for subsequent permeation assay. Also, 
we set aqueous flow rate Qw and oil flow rate Qo to 
satisfy Qw/Qo = 0.1–0.2 so that the prepared droplets 
can be kept separated from neighboring droplets in 
the main channel.  

Oil phase
with lipids

Aqueous phase for
donor drops (DD)

ADDD DDAD

ADDD DDAD

Aqueous phase for
acceptor drops (AD)

Selective removal
of excess oil(a) (c)

(b)

500 μm

withdrawal

withdrawal

(d)

Fig. 1 (a) Schematic of the channel layout comprised 
of two T-shaped droplet generators and pseudo-porous 
channel for selective removal of oil phase. (b) A 
scanning electron microscopy (SEM) image of the 
main channel (width 200 μm) with side channels 
(width 20 μm) for the removal of oil. (c,d) Schematic 
illustrations of the formation and accumulation of 
aqueous droplets in carrier oil phase for making 
droplet lipid bilayers (DLBs) between arrayed donor 
and acceptor droplets ( not to scale). 
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 After the formation of acceptor and donor 
aqueous droplets at moderate frequency (< 10 Hz), we 
stopped the infusion of fluids and aspirated excess oil 
selectively through subchannels to form 1–4 DLBs 
between 2–5 stationary compartments. Using an array 
of three acceptors (pH 7.5) and two donors (pH 5.4) 
having four DLBs (Fig. 2a), we fluorometrically 
measured the variation of fluorescein concentrations. 
To do this, we prepared calibration curves that allowed 
us to map fluorescence intensities to fluorescein 
concentrations in the droplets. Fluorescein exists in 
aqueous solutions as either a monocation, an 
uncharged molecule, a monoanion, or a dianion, and 
the respective pKa values are 2.1, 4.4 and 6.4. This 
indicates that the molecules are predominantly neutral 
species and monoanions at pH 5.4 and dianions at pH 
7.5. It is also known that monoanions and uncharged 
species contribute considerably to permeation through 
bilayer membranes. Therefore, the donor droplets act 
as sources and the acceptor droplets act as sinks for 
fluorescein. After 20 minutes, the fluorescein 
concentration of the acceptor droplets significantly 
increased (Figs. 2b and 2c). In contrast, when donor 
droplets at pH 7.5 were used, we observed 
significantly slower permeation (Fig. 3), due to the 
predominant dianion molecules. Also, in both 
experiments the fluorescence of the acceptor having 
two DLBs is noticeably higher than that of the other 
acceptors with single DLB, indicating the improved 
permeation through larger membrane area. We 

AD2AD1 AD3DD1 DD2

t = 1320 s

t = 0 s

100 μm

pH
DD

 5.4, pH
AD

 7.5

BF

FITC

(a)

(b)

(c)

0 5 10 15 20 25

0

50

100

150

Fl
uo

re
sc

ei
n

co
nc

en
tra

tio
n

(μ
M

)

Time (min)

AD1 (pH 7.5)
DD1 (pH 5.4)
AD2 (pH 7.5)
DD2 (pH 5.4)
AD3 (pH 7.5)

Fig. 2 Measurement of fluorescein permeation in an 
array of five droplets comprised of two donor droplets 
(DD) at pH 5.4 and three acceptor droplets (AD) at pH 
7.5. (a) A bright field microscopy image of the five 
droplet array. (b) Time-lapse fluorescent microscopy 
images at start and end of the measurements (c) 
Measured variation of fluorescein concentrations in 
droplets over time. 
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Fig. 3 Measurement of fluorescein permeation in an 
array of four droplets comprised of two donor droplets 
(DD) at pH 7.5 and two acceptor droplets (AD) at pH 
7.5. (a) A bright field microscopy image of the four 
droplet array. (b) Time-lapse fluorescent microscopy 
images at start and end of the measurements (c) 
Measured variation of fluorescein concentrations in 
droplets over time. The inset shows the variation of the 
fluorescein concentrations in two acceptor droplets. 

Fig. 4 Distribution of permeability constants obtained 
from DIBs at three different donor pH values at 5.4, 
6.4, and 7.5. Acceptor droplets are always at pH 7.5. 
Mean permeabilities were 4.7 × 10-6 cm s-1 for pH 7.5 
(n = 11), 6.0 × 10-5 cm s-1 for pH 6.4 (n = 13), and 7.6 
× 10-5 cm s-1 for pH 5.4 (n = 8). 

 89



constructed a permeation model to calculate permeability coefficient for fluorescein of 4.7 × 10-6 cm s-1 for pH 7.5 
(Fig. 4), which compared well with the published literature[8]. 

Furthermore, to show the potential of our technique, we determined the lipid membrane permeability of a 
non-fluorescent pharmaceutical compound by UV-vis microspectroscopy in the confined microchannel. We used a 
UV-vis microspectrophotometer (20/20 PVTM UV-Visible-NIR microspectrophotometer, Craic Technologies, CA, 
U.S.A.), which can measure absorbance spectra of the solutions inside the quartz microfluidic chip. We chose 
caffeine (Mw = 194.19), a well-known drug commonly used as a central nervous system (CNS) stimulant. Caffeine 
has a pKa value of 14 in water, indicating that the molecules are predominantly neutral at physiological pH 7.4.  

We created a single DLB at the interface between a donor droplet having caffeine (10 mM caffeine, 350 mM KCl, 
10 mM HEPES, pH 7.4) of ~5.9 nL and an acceptor droplet without caffeine (350 mM KCl, 10 mM HEPES, pH 7.4) 
of ~ 4.8 nL. Right after the formation of the DLB, we started to measure the absorbance spectra in the donor and 
acceptor droplets alternately. We found that the absorbance in the acceptor increased over time, and the absorbance 
in the donor droplet decreased over time, until the spectra from both droplets became nearly the same (Fig. 5a). This 
indicates that caffeine molecules passively diffused across the DLB from the donor to acceptor compartment. Figure 
5b shows the variation of caffeine concentration over time in the donor and acceptor compartments. The 
concentration became nearly the same after 6–7 minutes. By using the permeation model described above, we could 
calculate a permeability of caffeine of ~2.1 × 10-5 cm s-1. 
 
CONCLUSIONS 

We have presented a microfluidic platform for a permeation assay using DLBs. In addition to the permeation of 
fluorophores, the permeation of a non-fluorescent pharmaceutical compound was also measured by UV-vis 
microspectroscopy in 10–20 minutes. This suggests that our platform can analyze membrane permeabilities of 
numerous pharmaceutical compounds in significantly shorter assay time than conventional PAMPA. We believe our 
method could become a basis for a high-throughput permeability assay in drug screening. 
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ABSTRACT 

This paper reports a microfluidic system for automated generation of multiple droplets of various previously 
unattainable architectures in view of applying them to study chemical signaling in compact droplet networks. 
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Multiple droplets, surfactant bilayers, surface tension, self-assembly.  

 
INTRODUCTION 

Lipid bilayers form when aqueous droplets covered by monolayers are brought into contact [1] and can serve as models 
for biological membranes. Accordingly, droplet networks can be viewed as simple artificial tissues and possibly find 
application in synthetic medicine [2]. Recently, it has been shown [3] that multiple droplets with segments separated by 
lipid bilayers with incorporated membrane proteins (ion channels) are capable of electrochemical communication with the 
surrounding environment upon changing pH or temperature. In the present work we show that the architecture of multiple 
drops and thus the topology of droplet networks can be precisely controlled by using automated microfluidic devices. 

 
EXPERIMENT 

One of the most unique and promising applications of microfluidic systems is in controllable and reproducible 
generation of multiple droplets. Such droplets, composed of multiple immiscible segments find important applications in 
encapsulation of  cells, drugs and other active compounds, as well as in synthesis of functional microparticles of various , 
often complex but predictable morphologies [4]. Multiple drops are usually generated by using passive flow-focusing 
devices in which the segmentation of liquids into droplets occurs spontaneously under constant rates of flow. Here we 
demonstrate application of active control over liquids by using external valves to formation of multiple drops on-demand. 
Our technique enables achieving previously unattainable volume fractions and timing of droplet generators which lead to 
novel morphologies. In this paper we describe formation of multiple drops (i) of various architectures, which might be 
predicted theoretically based on conditions of mechanical equilibrium and (ii) with arbitrary number and size of cores 
separated by surfactant (also lipid) bilayers. 

 

 
Figure 1: Multiple drops are generated according to a prescribed protocol. Snapshots from formation of a multiple drop 
stretched by buoyancy and rendering from a corresponding Surface Evolver calculation. The width of the channels 
supplying the liquids is 200 µm.  

At µTAS 2011 we presented an automated system for generation of chains of droplets of arbitrary lengths with 
segments in shapes of interchanging biconvex and biconcave lenses. Such linear multiple droplets form under buoyancy of 
the segments when the two immiscible droplet phases-controlled by valves-are supplied from a narrow channel to a wide 
chamber oriented vertically (Figure 1). Similar droplet architectures have also been obtained in a passive system and 
polymerized in view of applying them as optical lenses by Ando et al. [5]. Here, we take advantage of the exquisite control 
given by automation to quantify the details of the morphology of the lenses, which goes beyond both above-mentioned 
presentations [6]. We also compare the experimental results with the theoretical stability diagrams expressed in terms of 
contact angles and ratio of volumes of the segments (Figure 2). It turns out that the stability of the chains is controlled by 
the sum of the contact angles θA+θB such that when the sum approaches π the segments become discs and the whole chain 
becomes unstable against coalescence of the segments. On the other hand when the sum approaches 2π the segments 
become more and more spherical and finally detach from each other and the chain decomposes into individual droplets. For 
the intermediate sums the chains are most stable and the segments attain the shapes of lenses whose thickness and curvature 
can be controlled by changing the ratio of volumes and one of the contact angles (keeping the sum constant). In our 
experiment, the latter could actually be changed to some extent by heating the system, which owed to the apparent strong 
dependence of the interfacial tensions on the temperature. Surprisingly, in the studied system (we used silicone and 
sunflower oils in water with SDS) the sum of the contact angles remained approximately constant independently of the 
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temperature. 

 
Figure 2: (a) Stability diagram for a chain of droplets in terms of the ratio of volumes and one of the contact angles for a 
fixed sum of the contact angles. (b) Comparison with experimental results (liquids as in Fig. 1) in the case of stable chains. 
(c) Micrographs of the metastable states.  

In another system we demonstrated possibility of generation of droplets with multiple cores (Figure 3). Automation 
allows for precise control over the volume and the number of each core as well as over the volume of the shell. We 
generated droplets in which the volume of the shell was small enough such that the inner droplets get squeezed and start 
touching each other. Because of confinement the degrees of freedom for the motions of the cores get reduced which leads to 
their rearrangement until a local mechanical stability is achieved. Usually the final equilibrium configurations are unique 
but sometimes metastable states can also be observed-usually in the case of larger numbers of cores (more than 7). For 
generation of multiple drops we used fluorinated oil as the external phase, mixture of hexadecane and silicone oil with 
SPAN80 as the shell phase and water with 0.014% of SDS with a blue dye as the core phase. Silicone oil in the shell acting 
as a bad solvent for the surfactant expelled the amphiphilic SPAN molecules towards the interface enhancing formation of 
surfactant monolayers on the sirface of aqueous cores. In the confinement imposed by the small volume of the shell 
surfactant bilayers formed at the contact regions between the cores (Figure 3b). Similar experiment has been also 
successfully repeated with two different cores (Figure 4a) and for lipids instead of SPAN (Figure 4b). We observed 
formation of lipid bilayers between the aqueous cores. In a prospective experiment we also plan to study diffusion and 
propagation of reaction fronts in such systems. 

 

 
Figure 3: a) Snapshots from generation of completely engulfed close-packed droplets with multiple cores. The 
fluids are fluorinated oil with PFPE-PEG surfactant as the continuous phase, 7:3 mixture of silicone oil with 
hexadecane and 1% SPAN80 as the shell and water with SDS as the core phase. b) Close-up view of 
formation of surfactant bilayers between the aqueous cores. c) Chains form when the device is tilted such that 
buoyancy acts on the droplets upwards . 

 

 
Figure 4: a) Snapshots from generation of completely engulfed close-packed droplets with multiple cores of 
two different species. The fluids are water with SDS as the continuous phase, fluorinated oil with PFPE-PEG 
surfactant as the shell and silicone oil with two different dyes as the core phase. b)Formation of a lipid 
bilayer between water droplets encapsulated by a drop of solution of DOPC lipid in oil (9:1 mixture of 
silicone and hexadecane oils)with fluorinated oil as the continuous phase.   
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To our knowledge, the presented work is the first attempt to apply microfluidic techniques to generation of lipid bilayers 
in multiple droplets. In further perspective such microfluidic techniques offer huge potential for the development of 
biomolecular sensors and drug screening applications.  
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ABSTRACT 

In this paper, we observed transport kinetics of a fluorescent molecule through a nanopore membrane protein by 
using a fully-closed liposome array.  The liposome array was formed on a chip by the similar protocol previously 
reported, where the important condition discovered was the lipid amount for each liposome increased about 30%.  
Since the formed liposomes are uniform size with a few picoliter volumes and stay on the substrate surface, they are 
suitable to follow such transport phenomena by microscopy. 
 
KEYWORDS 

Liposome, Transport kinetics, Membrane protein, Lipid bilayer, Electrospray deposition 
 

INTRODUCTION 
Giant Liposomes 

Lipids are the major components of biological cellular membranes, which play an important role as the 
boundaries of cells and subcellular organelles.  Lipids autonomously form bilayer membrane structures in aqueous 
media because of the hydrophobic interaction between the aliphatic hydrocarbon chains.  Giant liposome (or giant 
lipid vesicle) is one of such self-assembled structures of the lipid molecules, encapsulating an aqueous solution by a 
single or multiple lipid bilayer membranes with a diameter ranging between a few micrometers and a few hundred 
micrometers [1].  Such microcontainers find a number of applications in the fields of drug delivery, cosmetics and 
food products as well as the biological fundamental studies [2]. 

 
Selective Patterning and Size Uniformity of Formed Giant Liposome 

Gentle hydration and electroformation are the most common methods for the giant liposome preparation.  The 
gentle hydration simply takes advantage of a rehydration process of a dried lipid film with an aqueous solution while 
the electroformation applies a low-frequency AC voltage during the rehydration [1].  Although these methods have 
been widely used, they both have difficulty in controlling the shape and/or the size distribution of the formed 
liposomes [1,3,4].  Patterning of lipids prior to the rehydration process will be one of the solutions of those 
problems.  There have been a few techniques reported to obtain such lipid patterns, e.g. hydrophilic/hydrophobic 
patterning of a substrates’ surface [4], a lift-off method with a patterned polymer film [5], or an application of a 
microcontact printing [6].  The results indicated that the selective patterning would improve the uniformity of the 
formed liposomes, yet neither method has successfully regulated the lipid patterning/deposition process. 

In the previous work, we therefore developed an alternative method that enables the precise control of the 

Figure 1:  Conceptual diagram of the motivation of this work.  Aiming for the observation of transport kinetics 
through a lipid membrane, it would be ideal if uniform-size fully-closed liposomes are arrayed on a substrate.  
Selective patterning of lipids on a polymer-ITO substrate (a) enabled to form a uniform-size liposomal-dome 
array, but the domes are weak in the sealing (b).  On the other hand, common floating liposomes are also 
inadequate for time-lapse observation (c). 
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patterning process.  The key feature of the developed method was the integration of electrospray deposition (ESD) 
technique and a microfabrication process [7];  By the ESD, the spray of lipids was electrically led to only the 
bottom of microwells which was a conductive ITO-glass slide (details in the experimental section, Fig. 1).  With a 
simple rehydration process of these dried patterns, we succeeded in formation of giant liposomal-domes on top of 
the microwells with a narrow range of the size distribution and easily obtained the desired sizes of liposomal domes 
by changing the microwell diameter (between 5 and 30 μm in diameter).  The liposomal-dome array was a 
powerful platform for experiments using a fluorescent microscopy and demonstrated a ligand-binding assay of 
membrane protein incorporated on the array [8].  However, the liposomal domes on the platform hardly keep the 
interior solution (Fig. 1b), and are inadequate for the analysis of transport kinetics through the lipid membrane.  In 
this paper, we aimed to overcome this serious drawback, i.e. to form a fully-closed liposome array with a defined 
size. 

 
EXPERIMENT 
Fabrication of Lipid Patterned Substrates 

The conceptual diagram of our method is shown in Fig. 1.  The method consists of two steps:  1) Fabrication 
process of the patterned substrate by using a common photolithography, and 2) Lipid deposition process with the 
ESD technique.  First, a poly(chloro-p-xylylene) (parylene C) thin film was coated on an ITO-glass slide by a 
chemical vapor deposition method (PDS-2010, Specialty Coating Systems, IN, USA).  Then, thin layers of 
aluminum and positive photoresist were respectively deposited and coated on the parylene C coated ITO-glass slides.  
By a standard UV-lithography process, we obtained an array of microwells (10 μm in diameter).  The ESD 
technique applies a relatively high DC voltage between a lipid solution filled in a thin capillary and the ITO-glass 
slide (i.e. target substrate) to perform a selective deposition of lipids at a conductive surface.  In this paper, we used 
DOPC-DOPS lipid (1:1-mixture, 0.5 mg/mL) in a solvent consisting of a chloroform and acetonitrile.  A 
rhodamine-labeled lipid was also mixed for fluorescent observations (Rhod-PE, 1 wt%).  After the deposition, the 
samples were kept in vacuum before use. 

 
Observation of Fluorescent Molecule Transport through Nanopore Protein 

Rehydration of the lipid was simply performed by infusion of a buffer medium to the well which was punched in 
a silicone-rubber sheet placed on the lipid-patterns.  Same as the previous works, liposome formation completes 
within a several minutes [7].  We observed transport kinetics of a fluorescent molecule (calcein) through a 
membrane protein nanopore (α-hemolysin, αHL).  First, 5 μM calcein was infused outside of the liposomes, and 
then ca. 500 nM αHL was added to the well (see also the Results, Fig. 3).  Fluorescence images were taken through 
the ITO-glass slide with a confocal inverted microscope (SP5, Leica Microsystems, Germany). 

 
RESULTS AND DISCUSSION 
Formation of a Fully-Closed Liposome Array 

A fully-closed liposome array was obtained by the very similar protocol with the previous work.  A typical lipid 
pattern by the ESD was shown in Fig. 1a.  Fig. 2a shows the resulting liposomal-dome array by the former 
protocol:  The dome diameter is close to the microwell size (see Fig. 2c, blue histogram).  However, it was 
clarified that a part of such an array became fully-closed liposomes with the increase of the amount of the patterned 
lipid.  By tuning the ESD condition of the lipid, we estimated that roughly 30% increase of the lipid amount gives 
an efficient number of fully-closed liposomes on the chip although the diameter becomes larger (Fig. 2b-c, red).  
Note that the increase of the amount causes the liposomes flown away, which is also problematic for microscopic 
observation (Fig. 1c). 

 
Calcein Transport into Liposomes through Nanopore Protein 

As shown in Fig. 3a, the fluorescence intensity was almost zero at the inside of the liposomes, and constant 
before the addition of αHL.  Accompanied by αHL incorporation and nanopore formation on the liposomal 
membrane, however, the intensity gradually increased by the calcein diffusion into the liposomes (Fig. 3b-d).  
Schematic illustrations are also presented below the images in Fig. 3. 

 

Figure 2:  Microscopic images of the formed liposomal domes with the former protocol (a), and the liposome 
formation by increasing the lipid amount (b).  The histograms of the diameter for (a: blue) and (b: red) are 
shown in (c). n = 144. 
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CONCLUSION 
In this work, we succeeded in the formation of a fully-closed liposome array on a chip with a defined size 

distribution by using a simple rehydration process.  As demonstrated, the platform has the advantage in the 
time-resolved and/or statistical analyses of the molecular transport through membrane protein reconstituted in the 
liposomes.  We consider that the developed system would find various applications from fundamental liposome 
studies to functional analyses of membrane proteins. 
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Figure 3:  Transport kinetics of fluorescent molecule (calcein) through αHL nanopores on the fully-closed 
liposomes.  Time-lapse microscopic images after calcein addition (a), αHL addition (b), and 5 and 20 min after 
the αHL addition (c-d).  The calcein is colored with green whereas the liposomal membrane is with red (by the 
rhodamine-labeled lipid). The images are merged two colors.  The fluorescence intensity within each liposome 
increased by the calcein transport through the formed nanopore. 
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ABSTRACT 
 

The advent of microfluidic techniques holds promise in the field of oceanography, particularly in the nascent 
field of ecogenomics, the study of genomes or gene products in microbial populations within the ocean.  Despite 
this technical promise, a serious impediment lies in simply obtaining a sample to analyze.  Solutions to this 
problem harken to the 19th century, namely ship-based expeditions to collect and filter water samples.  While much 
sample processing can now occur on-board, more detailed analyses must wait until samples are returned to 
shore-side laboratories. 

The Environmental Sample Processor (ESP) represents a first step towards addressing both the expense of 
sample collection and the time lag between sample collection, processing, and analysis.  As a microbiology 
‘laboratory-in-a-can’, the ESP performs all sample processing and analyses onboard using low-density DNA probe 
and protein arrays to assess in near real-time the presence and abundance of organisms, their genes and/or 
metabolites.  In addition, a 2-channel real-time PCR module supports deployment of a variety of user-defined 
master mixes and primer/probe combinations.  This arrangement provides assay flexibility, making in situ 
monitoring possible in a variety of environments.  The ESP is battery operated but can also be attached to 
submarine cables and has been deployed in diverse oceanic environments for up to 45 days of autonomous 
operation. 

 
KEYWORDS 

In situ, water quality, robotic, molecular, autonomous, monitoring  
 

INTRODUCTION 
 

Increasingly, the application of microfluidics is making inroads into biomedical applications to help speed and 
simplify diagnoses.  These ‘sample-in, results-out’ systems are impressive in their capabilities [e.g., 1,2], and are 
making exciting contributions to the world of personalized medicine.  While these early successes are notable, the 
full application of microfluidic devices is still under development.  Frequently, extensive peripheral instrumentation 
is required to prepare the sample, provide power and control, and perform analysis, thus increasing the size and 
complexity of the overall microfluidic device, making autonomous, unsupervised use quite difficult.  Thus, current 
applications often benefit from well-provisioned laboratories with e.g., unlimited power and space for hardware, 
reagents, and waste.   

While biomedical applications may represent the vanguard of microfluidic technology development, work is 
underway to apply microfluidic techniques in areas outside of medicine, where ISO certification standards may not 
apply, thus lowering barriers to development and application.  Ecogenomic sensors, instruments that live in the 
environment of interest and autonomously collect and prepare a sample for molecular analyses, are ripe for 
microfluidic applications.  For instance, continuous genetic analysis of microorganisms in the world’s oceans opens 
a previously unknown window into the world of biogeochemical cycling and microbial ecosystem function.  
Sensors that exist within the environment of interest (i.e., in situ) also have advantages in water quality monitoring 
by reducing the time lag between detection of possible contaminants and notification of interested parties.  Here we 
report on an instrument system called the Environmental Sample Processor (ESP) that represents a first step in the 
integration of microfluidic analytical methods into such an in situ sensor.  Multiple successful field-deployments 
over the last 5 years illustrate the validity and usefulness of continuous monitoring using such an autonomous 
sensor. 

Searching for specific organisms or metabolites in natural waters typically requires large sample volumes and the 
transport of material back to a laboratory for processing.  These requirements necessitate transport of large volumes 
of water, and introduce delays ranging from many hours to days between material collection and analysis.  The ESP 
is a field-deployable, robotic system that was developed to eliminate these limitations.  The instrument combines 
autonomous sample collection capability with real-time molecular detection functionality allowing for remote 
detection of target organisms or their metabolites in situ (Fig. 1).  
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Currently, the ESP employs low-density DNA probe and protein arrays to assess in near real-time the presence 

and abundance of specific organisms, their genes and/or metabolites.  In particular, we have developed a sandwich 
hybridization array that uses oligonucleotides to detect rRNA from a variety of harmful algae species including 
Pseudo-nitzschia spp., Heterosigma akashiwo, and Alexandrium catenella [3, 4].  In addition, a competitive ELISA 
has been developed to detect domoic acid, a phycotoxin produced by Pseudo-nitzschia spp. This toxin is an 
established threat to humans and wildlife [5] and high levels can have significant economic impacts on beach 
communities and aquaculture areas.  For both these array types, results are generated within 3 hours, and returned 
to shore via radio or satellite link. 

The unique sample collection and preparation capability of the ESP has fostered the development of new, more 
advanced ‘back-ends’ (called analytical modules) that permit molecular analysis beyond standard sandwich 
hybridization arrays.  The first analytical module was developed in collaboration with Lawrence Livermore 
National Laboratory and consisted of a 2-channel quantitative PCR module attached to a microfluidics ‘block’ 
(MFB; Fig 2).  The MFB successfully links the milli-fluidic world of the ESP and the micro-fluidic world of qPCR 
analysis with capabilities that allow low-volume measuring, mixing, and manipulation.  The MFB supports 
deployment of a variety of user-defined master mixes, primer/probe combinations and control templates, and is the 
first device to successfully perform qPCR autonomously and remotely, literally within the ocean [6].  The 
development of the MFB identified the interface (i.e., fluidics, power, communications) between the sampling front 
end and the analytical back end as a critical component for integration of other analytical modules.  Currently there 
is no standard for such an interface, but using the ESP as a model permits testing of various configurations for the 
most effective way to link sampling with microfluidic analysis.  

 

 

 

Figure 2.  Microfluidic block (MFB) with attached qPCR module (black box).  The MFB takes prepared 
sample from the ESP and performs qPCR using a variety of user-defined master mixes and primer/probe 
combinations. 

A. B. 

Figure 1.  A. The ESP outside of its pressure housing.  The instrument is approx. 1m tall and autonomously 
performs sample collection and analysis.  B. Divers testing the ESP in a pressure housing within the MBARI 
test tank. 
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An additional feature of the ESP is the ability to preserve samples for a variety of laboratory tests once the 
instrument is recovered. These archival samples can act as controls by corroborating the in situ results with 
traditional laboratory tests.  As of yet, whole genome sequencing and metagenomic or metatranscriptomic analyses 
require shore-based laboratory equipment, and archived samples, collected over 30-45 days, enable these lab-based 
analyses. 

Oftentimes goals over longer deployments change due to changing environmental conditions.  Ideally, an 
autonomous sensor can be reprogrammed as warrented by changing environmental conditions.  The ESP supports 
two-way communications for downloading new instructions so that its mode of operation can be altered from afar, 
and for transmitting results of autonomous analyses.  This ability to communicate via radio, cell phone, or satellite 
phone has allowed the ESP to be deployed on a variety of platforms including coastal moorings, an open ocean 
drifter, a research ship, and a deep-sea “elevator” (Fig. 3).  Most recently, it was used to conduct water quality 
assessments from a coastal mooring using sewage indicator microbes and harmful algal bloom species as primary 
targets. This presentation will highlight the architecture of the ESP and the microfluidic and analytical methods used 
onboard the instrument, results of recent field deployments, and an outline of plans for its further development.   
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Figure 3.  The ‘Deep-ESP’ being readied for a 6-day deployment to the diffuse vent field of an 
underwater volcano (~1600m depth).  This instrument performed sandwich hybridization arrays, 
archivals, and qPCR with only an occasional acoustic communications-link to the ship. 

 99



ON-PLATE AND ON-DEMAND REMOVAL OF ADHERENT CELLS 
USING PHOTO-ACID-GENERATING SUBSTRATE 

AND MICRO-PROJECTION SYSTEM  
Kimio Sumaru, Kyoko Kikuchi, Toshiyuki Takagi, Manae Yamaguchi, Taku Satoh, 

Kana Morishita, Toshiyuki Kanamori 
National Institute of Advanced Industrial Science and Technology (AIST), Japan 

 
 
ABSTRACT 
   In order to provide a powerful tool to process cell culture systems on a culture substrate, we developed the 
methods to kill and remove adhrent cell by using photo-acid-generating (PAG) -polymer-functionalized culture 
substrates and micro-patterned light irradiation. We synthesized a poly(methylacrylate) functionalized with 
visible-light-responsive PAG group (pPAGMMA), and fabricated a photoresponsive culture substrate by 
spin-coating the polymer solution on polystyrene culture surface. We seeded CHO-K1 cells on the substrates 
uniformly, cultured them for 1 day, and then irradiated the substrates locally with the blue light (wavelength : 436 
nm) using a PC-controlled micropattern irradiation system. As a result, we observed that the cells were killed only in 
the micro-patterned irradiated area. By checking the cell viability using the Live/Dead assay kit, we confirmed that 
only the cells in the irradiated region were totally dead while the other cells maintained the viability well. At 
constant irradiation dosage having no lethal effect, the lethal rate increased with the increase of pPAGMMA density. 
Based on the results, we demonstrated selective killing of targeted cells was achieved without critical damage to the 
neighboring cells without using expensive pulse laser or deep UV light which cannot transmit through usual optical 
systems of microscope. Further, we investigated the photo-induced cell detachment from the other substrates 
functionalized with PAG polymer. 
 
KEYWORDS 
photo-selective cell killing, photo-acid generator, light irradiation, adherent cell, cell patterning, cell purification 
 
INTRODUCTION 

Corresponding to the development and widespread use of “imaging cytometry” which analyzes cultured adherent 
cells as they are on a culture substrate, there is a growing need for individual processing of those cells based on the 
result of the analysis. In such circumstances, a method to kill cultured cells selectively by applying high-energy 
pulsed laser to cell nuclei was developed and has been commercialized [1]. However, laser beam is focused to a 
point to gain the peak intensity enough to affect the cells, and cannot be applied to more than one point at a time. 
Therefore, point scanning is necessary to process many cells even in the case that they all make up one colony. 

As a tool to screen the adherent cells by the mild light irradiation with high efficiency, herein we report a novel 
method to remove the cells using a photo-responsive culture substrates functionalized with a polymer having 
photo-acid-generating (PAG) groups (Fig.1). In clear contrast to existing laser-based methods requiring point 
scanning, many cells can be managed at a time by areal projection of light in this scheme [2, 3]. We examine the 
efficiency of the photo-induced cell killing and investigate its application to on-plate screening and purification of 
adherent cells by means of precisely patterned projection of visible light. Also we attempt photo-selective 
detachment of the cells from a photo-responsive culture substrate through the similar process. 

 

 
 
Figure 1: Schematic illustration showing on-demand removal of adherent cells through photo-induced cell 
killing/detachment on culture substrates functionalized with PAG polymer. 
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EXPERIMENT 
We synthesized a poly(methylacrylate) functionalized with visible-light-responsive PAG group (pPAGMMA) 

through radical polymerization, and fabricated a photoresponsive culture substrate by spin-coating the polymer 
solution on polystyrene culture surface [4]. We coated the surface with fibronectin and seeded CHO-K1 cells, and 
cultured them for a day until they reach confluence. Then we irradiated the blue light (wavelength: 436 nm, dosage: 
11 J/cm2) in a micro-pattern onto the surface under microscopic observation using a PC-controlled micro-projection 
system (DESM-01, Engineering System Co.) installed in an inverted research microscope (IX70, Olympus Co.). 
Schematic illustration of the system is shown in Fig.2. To check the cell viability, we applied LIVE/DEAD reagent 
(Invitrogen) and observed the cells using a confocal scanning laser microscope system (FV-300, Olympus Co.) 

Further, we fabricated another type of culture substrate by introducing the pPAGMMA and poly 
(4-vinylpyridine) on the culture surface of a polystyrene dish in order to implement photo-induced cell detachment. 
NIH/3T3 cells were cultured to reach confluence on this surface, and blue light (wavelength: 436 nm, dosage: 24 
J/cm2) was irradiated locally within a circular area of 5 mm diameter by using a light source with a fiber light guide 
(LC6, Hamamatsu Photonics). Bright field images of the culture surfaces were taken with a cooled CCD camera 
system (VB-7000, Keyence Co.) installed on the same microscope described above. Viability of detached cells was 
checked by Trypan Blue assay. 

 

 
 

Figure 2: Schematic illustration showing a micropatterned light irradiation under microscopic observation using a 
PC-controlled micro-projection system installed in an inverted research microscope. 

 
 

RESULTS AND DISCUSSION 
Figure 3 shows the fluorescence image of CHO-K1 cells on pPAGMMA-functionalized substrate after 

micro-patterned light irradiation and subsequent application of LIVE/DEAD reagent. The PAG group with the 
structure shown in Fig.1 was reported to produce proton efficiently through its photolysis induced by blue light 
irradiation, and its applications to photolithography were demonstrated [5, 6]. The distribution of dead cells (red) 
was corresponding to the irradiation pattern suggesting strongly the lethal effect of pH drop brought by the 
photolysis of the PAG group. Such photo-induced lethal activity of the substrate was observed also for all other cell 
lines we attempted, such as MDCK, NIH/3T3 and HeLa. While the cells in the irradiated area were killed efficiently, 
the cells in the unirradiated area maintained their viability even if they were surrounded by large irradiated area. The 
result indicated that the pPAGMMA was not toxic without light and that the lethal activity of the photolysis of the 
pPAGMMA was confined within the vicinity of irradiated culture surface as expected above. In addition, we 
observed that the light irradiation of the same condition killed no cell without the PAG polymer. 

Further, we fabricated another type of culture substrate by introducing the PAG polymer and poly 
(4-vinylpyridine) on the culture surface of a polystyrene dish in order to implement photo-induced cell detachment. 
NIH/3T3 cells were cultured to reach confluence on this surface, and blue light was irradiated locally within a 
circular area of 5 mm diameter. 3 hours after irradiation, we observed that most of the cells became detached from 
the irradiated area while no detectable change was found for the cells outside of the area (Fig.4). As a result of 
Trypan Blue assay, about 85 % of the cells were estimated to maintain their viability even after photo-induced 
detachment. Beside NIH/3T3, also HepG2 cells were effectively detached from the substrate by the light irradiation. 
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As a result, photo-induced killing of the cell after photo-induced patterning was demonstrated successfully. The 
compatibility with electrically controlled micro-projection system is advantageous in the automation of on-plate cell 
screening especially in such cases that many cells belonging to a population or a colony are processed all together. 
 

 
 
Figure 3: CHO-K1 cells cultured on a pPAGMMA-functionalized substrate after micro-patterned blue-light 
irradiation and application of LIVE/DEAD reagent (green: alive, red: dead). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Photo-induced detachment of adherent NIH/3T3 from a culture substrate functionalized with pPAGMMA 
and poly (4-vinylpyridine). 
 
 
REFERENCES 
[1] M. R. Koller, E. G. Hanania, J. Steven, T. M. Eisfeld, G. C. Sasaki, A. Fieck, B. Ø. Palsson, High-throughput 
laser-mediated in situ cell purification with high purity and yield. Cytometry A, 61A, 153-161, (2004). 
[2] K. Sumaru, J. Edahiro, Y. Ooshima, T. Kanamori, T. Shinbo, Manipulation of living cells by using PC-controlled 
micro-pattern projection system. Biosensors and Bioelectronics, 22, 2356, (2007). 
[3] J. Edahiro, K. Sumaru, Y. Tada, K. Ohi, T. Takagi, M. Kameda, T. Shinbo, T. Kanamori, Y. Yoshimi, In-situ 
control of cell adhesion using photoresponsive culture surface. Biomacromolecules, 6, 970-974 (2005). 
[4] K. Sumaru, K. Kikuchi, T. Takagi, M. Yamaguchi, T. Satoh, K. Morishita, T. Kanamori, On-demand killing of 
adherent cells on photo-acid-generating culture substrates. Biotechnology and Bioengeering, in press. 
[5] M. Shirai, H. Okamura, I-line sensitive photoacid generators for UV curing. Progress in Organic Coatings, 64, 
175–181, (2009). 
[6] C. Iwashima, G. Imai, H. Okamura, M. Tsunooka, M. Shirai, Synthesis of i- and g-line sensitive photoacid 
generators and their application to photopolymer systems. Journal of Photopolymer Science and Technology, 16, 
91-96, (2003). 
 
CONTACT 
Kimio Sumaru (k.sumaru@aist.go.jp) 

Irradiated 
area 

 102



AN ANGLE-TUNABLE MICROFLAP TOWARD THE OBSERVATION OF 
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ABSTRACT
In this paper, we demonstrate the angle-tunable microflap system for observing parasite invasion into adherent 

host cells. This system enables us to control the inclination angle of cell-culturing microflaps by applying external 
magnetic fields. A fabricated microflap consists of two materials, parylene and permalloy, and adherent host cells are 
patterned on the microflaps. We successfully kept adherent cells on the microflaps inclined by an external magnetic 
field, and observed boundary of cell membrane. Thus, we clearly observed how parasites invaded through cell 
membrane from multiple angles, and judged completed invasion. This method is widely applicable to the analysis of 
interaction between infectious microbes and host cells.

KEYWORDS
Parylene, Microflap, Parasite invasion.

INTRODUCTION
Cytological studies for infectious microorganism have recently garnered much attentions. Especially in infectious 

microbe research, it is important to observe the penetration and invasion of obligate intracellular pathogens such as 
bacteria or parasites, which gives us much information about morphological changes and expressed proteins [1]. By 
combining visualization of targeted proteins using genetic engineering techniques, we can identify the exact timing and 
location of expressed protein during attachment and invasion to host cells [2]. In the case of floating host cells such as 
leukocytes and erythrocytes, it is possible to detect the infecting microbes because the penetration process can be 
clearly observed between invading cells and host cells in suspension on the Petri dish under a microscope [3-4]. With 
conventional methods, however, it is difficult to capture pathogen invasion into two-dimensionally cultured adherent 
cells and to confirm whether parasites are located inside host cells or not, because the invasion direction and optical 
path for the observation are in the same axis (Figure 1). In this study, we propose the micro-fabricated flapping system 
to observe adherent cells in order to detect the boundary membrane of parasites and host cells as shown in Figure 1.
The devices are able to respond to applied magnetic fields. Under the control of the magnetic field, the inclination
angle can be controlled by applied magnetic field, and cells attaching on microflaps can be inclined and observed from
the desired angles.

EXPERIMENT
We utilized parylene-C (DPX-C, Speedline Technology) as a material of microflaps. First, a 100-nm-thick Parylene 

layer was deposited on a glass substrate coated with an alginate sacrificial layer. A chromium layer and a 170-nm-thick

Figure 1: A schematic image of magnet-active microflaps for inclining cells. In conventional methods to 
observe adherent cells, it is difficult to observe and analyze cell-cell interactions between more than two 
cells such as cell-cell membrane contact or the infection of microbes because of the optical path. 
Microflaps for inclining cells up will make it easier to observe membrane contact areas between paired 
two cells.
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permalloy (78 Permalloy, Nilaco corp.) layer were sputtered. Permalloy layer generates the inclination torque. We 
patterned permalloy by aqua regia. A permalloy pattern was covered with parylene again, and a hinged microstructure 
was fabricated by O2 plasma. Fibronectin and 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer were coated 
on the substrate to pattern cell-adhesive/non-adhesive area, respectively. After removing alginate layer, the microflaps 
were released from glass substrates and responded to magnetic field (Fig.2(b-c)).

In this study, HFF, human foreskin fibroblast cells, were cultured as host cells of Toxoplasma gondii. They were 
cultured in D10 medium supplemented with Dulbecco’s modified Eagle medium, 10 mM HEPES, 10% fetal bovine 
serum, 2 mM glutamine and 10 μg/ml of gentamicin. T. gondii strain RH was maintained in HFF cells. They were 
propagated as tachyzoites in grown in D10 medium as shown in HFF cell culture. Parasites were separated from the 
host cells by the aspiration with 21G needle and the filtration through polycarbonate membrane filters (pore size 3 μm). 
They were washed with PBS buffer and centrifuged to eliminate host cells and cell debris. To test the magnetic 
response, we set up a microscope, a magnet on a micropositioner and gauss/tesla meter probe. A series of permanent 
NdFeB magnets (NeoMag Co., Ltd., Japan) were mounted onto the micropositioner, which provided the precise 
control of the magnet position. We observed cellular behavior of host cell and parasite invasion under an inverted 
microscope (IX71, Olympus, Japan).

RESULTS AND DISCUSSION
To investigate the effects of the external magnetic fields on inclination angles, we measured angles of the hinged 

microstructures. After adding the alginate lyase, microflaps are released from the substrates and inclination angle was 
measured under the control of external magnetic fields (Figure 2(a)). Inclination angles increased with increasing the 
external magnetic fields. We measured inclination angles of the hinged microstructures under different external 
magnetic fields. It can be clearly seen that inclination angles were different for the same magnetic field. Inclination 
angles also increased as hinges became longer, wider or the volume of permalloy became larger.

As a model of microbial infection, we used a species of parasites Toxoplasma gondii and their host HFF cells. First, 
we successfully cultured and patterned HFF cells onto microflaps. Cells are only attached to the Fibronectin-area and 
not attached to MPC polymer-coated area. After culturing cells onto microflaps, the sacrificial layer was removed 
and microflaps were released by adding alginate lyase (Figure 2(b)). The inclination angle could be easily controlled 
and adherent cells could be inclined (Figure 2(c)). Magnetic response of this device was independent of attaching cells
and dependent upon cultured cells. During the microflap manipulation, cells remained attached to the surface of the 
microflaps and their cellular membrane could be clearly observed (Figure 2(d)). Figure 3 shows time-lapse images

Figure 2: (a) Time-lapsed images of the motion of microflaps with permalloy. The relation between 
inclining angles and the strength of magnetic field in comparison with Lmag (a-1), Wh (a-2) and Lh (a-3). The 
microflap structure functions after sacrificed layers are dissolved by alginate lyase. (b) Flapping motions 
of microflap coated with adherent cells (HFF cells). By increasing the strength of magnetic fields, cells
were inclined and lifted-up. (c) Inclination angle of microflaps with bridging cells or without cell was 
measured. (d) During the manipulation, cells remained attached to the surface of microflaps and cellular 
membrane could be clearly observed. By changing the inclination angle, we could observe cells from 
various angle.
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indicated that parasites totally invaded. After focusing on HFF cells which parasites approached to, we made 
microflaps inclined in the desired orientation. We could optimize the angle of cells and obtain the image of membrane 
contact area and invasion time-scale of real-time movies.

CONCLUSION
In this study, we proposed the inclination technology to manipulate adherent host cells for the analysis of parasite 

invasion. We fabricated a hinged microflap device encapsulating permalloy thin layer with magnetic-field response. 
Host cells were able to adhere onto the surface of microflaps and stretch around fibronectin-coated area. This device 
allowed us to change the inclination angle of cell-adherent surface, capture the penetration of Toxoplasma gondii into 
host cells and successfully observe time-lapse behavior before/after invasion. As well as Toxoplasma gondii, this 
observation technique can be widely applied to understand the mechanism of invasion of various types of other 
obligate intracellular parasite, virus and bacteria.
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Figure 3: Time-lapse images of Toxoplasma gondii invasion into the host HFF cells. We could optimize the angle 
to observe cells and cellular membrane clearly. First, parasites attached to the cell membrane for about 7 sec, and 
then it took about 30 sec to invade HFF cells.
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ENCODING OF LIQUID CAPPED MICROCAPSULE AND 
HETEROGENEOUS ASSEMBLY FOR MULTIPLEXED ASSAY 
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ABSTRACT 
    In this paper, we have demonstrated a technology for encoding of liquid capped microcapsule and dispensing 
thousands of heterogeneous encoded liquid drops into microwell array with only a single pipetting step, which would 
normally requires thousands of individual pipetting. With our technology, we can take advantages of both high coding 
capacity and liquid-liquid reaction, which is impossible in conventional droplet and bead-based assay platforms. 

KEYWORDS 
Encoded particle, Liquid microcapsule, Heterogeneous assembly, multiplexed assay  

INTRODUCTION
Nowadays, many researchers have tried to utilize droplet- and bead-based assay platform for multiplexed assay [1, 2]. 

The droplet has advantage in analyzing liquid-liquid reaction and isolation, but has limitation in encoding method. On the 
other hand, the bead-based assay has high coding capacity, but has limitation in that it is unable to analyze liquid-liquid 
reaction itself. Here, we propose a novel multiplexed assay platform based on encoded liquid capped microcapsules that 
can accomplish both of high coding capacity and liquid-liquid reaction. The liquid drops are encapsulated with Teflon 
microshell using microfluidic devices and the microcapsules are encoded without special coding materials. The encoded 
microcapsules are assembled in microwell array and the liquid are released by breaking the Teflon shell with pulse laser.  

PARTICLE GENERATION 
Figure 1 shows the schematic view of generating of liquid capped microcapsule. Using microfluidic device 

generating double emulsion droplet by 3D coaxial flow with simple PDMS hillock structure [3], we generate stable 
water/perfluoropolyether(PFPE)/water double emulsion droplets. Core liquid droplets are generated by the PFPE phase 
and the outer water phase then breaks the PFPE phase which contains the core chemical droplets, generating double 
emulsion droplets. After UV irradiation, the PFPE phase is polymerized and microcapsules are generated. The PFPE has 
water and oil repellence property and chemical resistance, and does not swell in organic solvent. These properties enable 
to encapsulate core liquid stably in PFPE microcapsule. As a proof of concept, we make 10 different colored liquid 
capped microcapsules that represent 10 different chemical compounds.  

Figure 1. Liquid capped microcapsule generation. (a) Schemcatic image of liquid capped microcapsule generation 
using PDMS hillock structure. Core liquids are encapsulated by photocurable PFPE polymer and the PFPE polymer is 

then polymerized by UV exposure. (b-c) 10 different color liquid capped microcapsules. Core liquids are mixed with 
various food dyes to represent different liquid chemicals. (d) Core liquid is stably encapsulated by PFPE polymer 
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PARTICLE ENCODING 
The polymerized microcapsules are closely packed to consist monolayer of microcapsules then patterned UV light is 

illuminated on the PFPE shell as shown in figure 2. We found that the initiator we mixed with PFPE has 
photoluminescence(PL) property when exposed to UV light. The PL intensities also vary according to change of UV 
intensity and exposure time. Using digital micromirror device(DMD), patterned UV light is illuminated and the particle 
has PL pattern in polymerized PFPE shell. By changing the pattern of the DMD, various codes can be simply encoded 
without any physical mask and it enables a lot of particles to have distinct codes corresponding to their chemicals, which 
is necessary for identification of molecules in bead-based multiplexed assay system.   
 

 
Figure 2. Encoding of liquid capped microcapsule. (a) Schematic image of encoding process. Microcapsules are 

monolayer-packed and patterned UV light is illuminated. After UV exposure, the photoinitiator has photoluminescence 
property and various code can be encoded (b,c) Bright and fluorescent images of encoded microcapsule. 

 
PARTIPETTING : HETEROGENEOUS ASSEMBLY 

For dispensing of thousands of heterogeneous liquid drops, we introduce a new method of liquid handling called 
‘partipetting’. We illustrate the concept of ‘partipetting’ in Figure 3. Various liquid capped microcapsules are collected in 
one vial and assembled in PDMS microwell array. The PDMS microwell is made by conventional soft-lithography 
process. Each well consists of two different size of space, larger one is for microcapsule assembly and the other one is for 
reaction of core and outer liquid. The PDMS microwell is treated with oxygen plasma to make hydrophilic surface and 
immersed into water to maintain hydrophilic property. Then, the microcapsules are dispensed on the PDMS microwell 
array by one pipetting and swept by cover glass. Because of high density of PFPE material, the microcapsules tend to be 
submerged by gravitational force and we can easily assemble even by one sweeping process.  

 
Figure 3. Heterogeneous assembly of liquid capped microcapsules. (a) Schematic image of heterogeneous assembly 

of particles in microwell array. (b) PDMS microwell array chip. The microwell chip is as small as a coin (c,d) Variuos 
microcapsules are assembled in microwell array. The assemble efficiency is more than 99.5%  
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LIQUID RELEASING 
For multiplexed assay using liquid capped microcapsule particle, we need to release core liquid from the shell of the 

microcapsule to the surrounding liquid of the particle. To break the particle, we set up the particle breakage equipment 
with pulse laser as shown in Figure 5. The pulse laser equipment consists of motorized moving stage, CCD camera and 
nanosecond pulse laser (Minilite ND:YAG laser, Continuum Inc.). The microcapsules are assembled in microwell array 
and the microwell is sealed with slide glass to prevent evaporation of surrounding liquid filled in reaction well. The 
microwell is then placed on the motorized stage with pulse laser equipment. By applying one pulse laser, the shell is 
broken and the liquid inside the microcapsule is released to the microwell and mixed with surrounding liquid. Figure 4 
(c) shows the breakage and releasing results of three microcapsules which have different color-core liqudis. After 
breakage, core liquid is released into microwell and diluted by outer liquid of reaction well, which represent the reaction 
between core liquid chemical of microcapsule and reagent of reaction well. Using motorized stage and simple 
programming, we can accomplish breakage and liquid releasing of whole particles in microwell array within a few 
minute automatically. The releasing result suggests its possibility of multiplexed liquid assay. 

 
 

Figure 4. Particle breakage and liquid releasing results (a) Schematic image of pulse laser equipment for particle 
breakage. The PFPE shell is broken by pulse laser inducement. (b) The equipment is consists of motorized moving stage, 

CCD camera and nanosecond laser. (c)After applying pulse laser, the core liquid is released and diluted in microwell. 
(d,e) Images of microwell array after particle breakage and releasing. 

 
 

CONCLUSION 
We introduced encoding of liquid capped microcapsule, assembly and releasing technologies as a platform for the 

multiplexed assay. We believe our technology would enable multiplexed assay with liquid-phase assay, whereas current 
multiplexed assay technologies are limited to multiplexing of surface bound molecules such as DNA or protein. 
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Figure 1: Digital microfluidic device. (A) Photograph 
of device on stereomicroscope with five independent-
ly addressable fluorescently labelled hydrogel pillars. 
(B) Cross-sectional schematic of DMF device geome-
try. 

DIGITAL MICROFLUIDICS FOR ON-DEMAND 3D MICROGEL FORMATION AND  
FUNCTIONAL MYOCARDIAL TISSUE ASSAYS 

Eydelnant IA1, Li BB1, Wheeler AR1,2 

1Institute of Biomaterials and Biomedical Engineering, University of Toronto, CANADA 
2Department of Chemistry, University of Toronto, CANADA 

ABSTRACT 
Three-dimensional (3D) cell culture allows for in vitro biological systems that more representative of in vivo phenotypes 
than traditional two-dimensional culture. Combining these systems with relevant cell types (e.g., cardiomyocytes) is of 
interest for drug screening to facilitate the identification of targets with biological relevance. However, 3D cell culture 
reagents are costly and the fragility of matrix materials makes them difficult to manipulate using conventional tools. Here 
we report the first DMF method capable of on-demand formation of complex hydrogel geometries. We then demonstrate 
the utility of this method by generating the first functional myocardial tissue constructs in sub-microliter volumes. More-
over we demonstrate the ability to form microgels from multiple hydrogel types, characterize reagent transport, use the 
device to automate cell seeding in 3D, and perform functional assays on beating cardiomyocyte microgels.  

KEYWORDS: Digital microfluidics, hydrogel, 3D cell culture, cardiomyocytes, primary cells 

INTRODUCTION 
Hydrogel based three-dimensional (3D) cell culture has increased 
in prominence because of the more in vivo-like phenotypic re-
sponse of cells cultured in this way. For this reason 3D cell cul-
ture is of interest for tissue engineering applications and improv-
ing the output of in vitro biological assays, in particular for drug 
screening [1]. Unfortunately, hydrogel culture methods remain 
under-utilized in part because of associated reagent costs and 
challenges in the manipulation and manual handling of delicate 
hydrogel material. 
 
A number of microfluidic strategies have been proposed to ad-
dress these issues. Microfluidics provides the ability to manipu-
late sub-microlitre volumes of liquid thereby reducing reagent 
consumption. Furthermore, the associated low Reynolds number 
flow through microfluidic channels allows for gentle hydrogel 
handling and reduces subsequent damage to gels during reagent 
exchange. Two significant challenges of microchannel 3D culture 
remain: (1) diffusion limits within hydrogels, and (2) channel 
clogging. Motivated by these challenges, we sought to exploit re-
cent developments in reagent dispensing and solids handling on 
digital microfluidic (DMF) devices. In particular we hypothesized 
that the open geometry and individual addressability of electrodes 
would provide some relief from the challenges associated with 
microchannel-based methods. 

DMF technology facilitates electrostatic manipulation of discrete 
nano- and micro-litre droplets across open electrode arrays providing the advantages of single sample addressability, au-
tomation, and parallelization. The DMF geometry supports complex liquid handling functions including the translation, 
merging, and splitting of droplets. Recently, interest has increased in DMF handling and addressing of three-dimensional 
solids: paper discs for blood screening, porous polymer monoliths for solid-phase extractions, and agarose disc based as-
says [2]. The robust and multifunctional nature of DMF provides for a viable method to address implementation obsta-
cles to hydrogel based microfluidic cell culture.  

Here we report the first microfluidic platform for on-demand formation of precise hydrogel microstructures of a range of 
geometries in virtual microwells. We use this method to automate cell seeding in three-dimensions, media exchange at 
regular intervals, and fixing and staining of cells for on-device confocal imaging. We use this method for the formation 
of functional and responsive myocardial tissue in submicrolitre droplets. Finally, when compared to automated robotic 
liquid handling systems, we find that DMF provides a 100-fold reduction in reagent consumption and improved handling 
of hydrogels. 
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Figure 2: Digital microfluidics for hydrogel microgel formation. 
(A) Top view (stereomicroscopy) and side view (schematic) of 
passive dispensing mechanism in the formation of microgels. (B) 
Top and side views of FITC-Dextran (4 kDa) into microgel.  
 

Figure 3: DMF hydrogel geometries. Multiple geometries can 
be formed by modifying the design of the patterned region on 
the device top-plate. (A,B) Stereomicroscope images And 
(C,D) confocal microscope images of star-shaped and heart-
shaped hydrogel pillars. Scale bars = 1 mm. 

EXPERIMENTAL 
DMF fabrication 
Electrode bearing bottom-plates were fabricated 
as described previously [3]. Hydrophillic sites 
were generated on the ITO coated top-plate by a 
fluorocarbon lift-off technique [3]. Briefly, pho-
toresist patterns were formed by photolithogra-
phy, followed by spin-coating with Teflon-AF 
(1% wt/wt in FC40, 3000 RPM, 30 sec), baking 
on a hot-plate (10 min, 165 °C), then immersion 
in acetone until liftoff occurred (~ 5-10 sec). 

Cell culture and preparation 
Primary cardiomyocytes (CM) were isolated 
from neonatal (1–2 day old) Sprague–Dawley rat 
hearts. Prior to experiments cells were resus-
pended in CM media at 20 × 106  cells/mL. This 
suspension was diluted in Geltrex, a commercial-
ly available extracellular matrix hydrogel, to a final 
cell density of 10 × 106 cells/mL. All reagents were 
supplemented with either 0.02% Pluronics F68 or 
0.02% Pluronics F127. 
 
Hydrogel pillar formation and characterization 
Aliquots of 50% Geltrex in media supplemented with 0.02% Pluronics F127 at 4 ºC or 1% low melting point agarose in 
deionized water supplemented with 0.02% Pluronics F127 at 30 ºC were loaded onto a device by simultaneous reservoir 
electrode actuation and pipetting. Droplets of hydrogel solution were electrostatically manipulated across hydrophilic 
sites patterned on device top-plates thereby forming subdroplets that were subsequently cross-linked at 37 ºC or 25 ºC to 
form the hydrogel pillars. Diffusion experiments were performed by manipulating droplets of fluorescein or FITC-
Dextran (4-400 MW) across preformed hydrogel pillars. Images were recorded by fluorescent stereomicroscopy.

Cardiomyocyte assay 
CMs in Geltrex were cultured for four days with media exchange at 4, 24, 48, and 72 hours. At 96 hours culture media 
was replaced with either CM media or CM media supplemented with epinephrine. CM beating was imaged on an invert-
ed microscope. Individual cell contractions were analyzed for frequency, duration, and magnitude (displaced distance). 

RESULTS AND DISCUSSION 
We recently developed a method for forming hydro-
philic cell culture sites relying on a Teflon lift-off 
procedure [3]. Here we report the application of this 
method for the on-demand rapid generation of indi-
vidually addressable hydrogel structures (Figure 1). 
As droplets of non-crosslinked  agarose or Geltrex 
were translated across the patterned hydrophilic sites  
sub droplets were generated that conformed to the 
shape of the hydrophilic site (Figure 2). After gelling, 
the apparent diffusion coefficients of fluorescently 
labeled dextrans across a range of molecular weights 
was determined by imaging reagent exchange across 
microgels by stereomicroscopy (Figure 2B). Diffu-
sion coefficients determined from these experiments 
validate the efficiency of reagent exchange for 3D 
cell culture and agreed with known values. By vary-
ing the design of the hydrophilic patches it is possible 
to form a wide variety of microgel geometries in aga-
rose and Geltrex (Figure 3). Stereomicroscopy 
demonstrates fidelity of the hydrogels with the de-
signs (Figure 3A,B) and   confocal microscopy 
demonstrates that the gel is conformal throughout the 
z-axis (Figure 3C,D). 
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Figure 4: Cardiac tissue formation and functional assay on DMF.
(A,B) After three days morphology associated with matrix remod-
elling was observed. Cells presented as elongated and spontaneous 
beating commenced. Tissue contraction was observed by bright-
field microscopy. Scale bar = 20 µm. (C) Representative contrac-
tion data from single cells over a 10s interval. 

We tested the ability to seed and maintain func-
tional primary rat cardiomyocytes in gels formed 
and maintained by DMF. Cells were suspended at 
high density in Geltrex and then were electrostati-
cally manipulated across hydrophilic sites. Incuba-
tion (37 ºC) resulted in polymer cross-linking and 
distribution of cells throughout the matrix. Media 
was exchanged daily by electrostatic translation of 
droplets across the hydrogel pillars. After four 
days of culture, cell morphology associated with 
matrix remodeling was observed by brightfield and 
fluorescent imaging of on-device fixed and stained 
cells. Further, spontaneous beating of cardiomyo-
cytes commenced at a physiologically relevant 48 
beats per minute (BPM). With epinephrine stimu-
lation the beat rate increased to 96 BPM in con-
junction with increases of contraction duration 
(1.8-fold) and contraction length (2.8-fold).  

CONCLUSION. 
This work represents a novel method for the for-
mation of a range of hydrogel geometries that are 
readily and independently accessible for reagent 
exchange. Further we create the first functional 
and individually addressable sub-microlitre myo-
cardial tissue that is responsive to external stimuli. 
We anticipate these methods will be useful in a 
range of disciplines from materials science to tis-
sue engineering. 
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MOSAIC HYDROGELS: ONE-STEP FORMATION OF MULTISCALE 
SOFT MATERIALS  
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1University of Toronto, Canada 

ABSTRACT 
    We introduce the one-step, continuous formation of mosaic hydrogel sheets. A microfluidic device allows 
controllable incorporation of secondary biopolymers within a flowing biopolymer sheet followed by a cross-linking 
step that retains the microscale composition. Information is encoded, mosaic stiffness and diffusivity patterns are 
created, and tessellations are populated with biomolecules, microparticles and viable primary cells. The extension to 
3D soft material assemblies is demonstrated.  
 
KEYWORDS 
Hydrogels, hierarchical materials, biomaterials, encoding, 3D cell culture.  

 
INTRODUCTION 

Soft materials with a spatially non-uniform composition that is closely linked to their function are abundant in 
nature. Such materials often possess a hierarchical architecture that extends from cell to tissue scales in several 
directions. A number of strategies have been developed with the aim of creating soft materials with a microscale 
composition that mimics the hierarchical organization found in nature. Bottom-up approaches are often based on 
polymer microparticles with a homogeneous or heterogeneous composition that are continuously prepared in various 
shapes and compositions, and locally provide 3D microenvironments at the cellular scale. Such particles constitute 
building blocks for the tissue-scale organization in one or two directions [1], and their assembly was demonstrated 
along fluid interfaces or through confined packing within microfluidic channels [2]. In addition, fibers with 
homogeneous and heterogeneous composition were continuously defined in a microfluidic format and subsequently 
woven into planar or three-dimensional assemblies [3]. Alternative top-down approaches are replica molding [4] and 
subsequent stacking, and the layer-by-layer fabrication of lithographically defined 3D biomaterials [5]. However, 
extending these efforts to tissue scales is not straightforward and currently relies on sequential, discontinuous 
approaches with limited scalability. We present a microfluidic-based approach that enables the scalable and 
continuous formation of planar to 3D soft materials with mosaic material and cellular composition [6].   

 
EXPERIMENT 

A multilayered microfluidic device containing seven on-chip reservoirs enables the incorporation of up to seven 
distinct secondary biopolymers into a continuously extruded base biopolymer solution exiting the device into a 
liquid-filled reservoir (Fig. 1a,b). Flow from the on-chip reservoirs is defined by computer-controlled solenoid 
valves. Upon a cross-linking reaction, the composition of the base biopolymer and the incorporated secondary 
biopolymer is retained, with the obtained soft material sheet collected onto a rotating drum which enables control 
over the sheet thickness (Fig. 1c).  

 

 
Figure 1. Continuous formation of mosaic hydrogels. (a) Experimental setup includes fluidic control, liquid 

filled reservoirs, and collecting drum. (b) Photograph of microfluidic device with seven on-chip reservoirs. (c) 
Control over sheet thickness. Scale bar 5mm (b). 
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RESULTS AND DISCUSSION 
As an illustration of the spatio-temporal control achieved, we encoded information in the form of letters and 7-bit 

ASCII code, and simultaneously read the written pattern using a line-camera (Fig. 2a-d). The formation of soft 
material sheets of heterogeneous material properties was demonstrated by the diffusion of various molecular weight 
dextran molecules as a payload, and bulk material stiffness dependence on heterogeneous material patterns (Fig. 3a-e, 
g,h). The secondary biopolymer may consist of the same solution as the focusing fluid, in which case a sheet with 
void spaces can be generated (Fig. 3f).  

 
Figure 2. Demonstration of soft material patterning with precise spatiotemporal control. Fluorescence 

line-camera measurements demonstrating information encoding in the form of (a) letters, (b) imaged by fluorescence, 
(c) written with neonatal rat cardiomyocytes, or (d) 7-bit ASCII. Scale bars 1mm. 

 

 
Figure 3. (a-f) Mosaic hydrogel patterns imaged with confocal and wide-field fluorescence microscopy. (g) 
Diffusivity of dextran molecules with three distinc molecular weight into 2%w.t. alginate ( ) and 1%w.t. 

pectin-alginate ( ). (j) Bulk elastic modulus of sheets consisting of 2%w.t. alginate ( ), 1%w.t. pectin-alginate ( ), 
and a combination of both, with patterns illustrated in c ( ) and e ( ). 

 
In a second case, the secondary solution may be a biopolymer complemented by a variety of payloads such as, 

biomolecules, microparticles, and cells. The incorporation of viable fibroblasts and cardiomyocytes within the 
biopolymer sheet and the subsequent attachment of fibroblasts within Day 5 of culture were demonstrated (Fig. 4a, 
b). The formation of cell-patterns for co-culture may be combined with a 6-bit barcode to track the various 
conditions patterned (Fig. 4a).  

The platform presented may subsequently be scaled-up to 3D millimeter-size soft materials with defined 
heterogeneous composition. As an illustration, five layers of biopolymer sheets with parallel stripe patterns were 
stacked in an alternating orientation to create a 3mm[w]×3mm[L]×1.5mm[δ] biopolymer structure (Fig.4c). 
Multilayered sheets were obtained by collecting onto t he rotating drum a continuous sheet composed of two layers 
of biopolymers (green and red). Final bulk dimensions of 5mm[w] × 3.5mm[δ] (thickness δ obtained by ~18 double 
layers 200µm thick) with a total volume of 2 mL (Fig. 4d). Centimeter length tubular structures of homogeneous and 
heterogeneous composition were obtained by rolling onto a translating capillary tube (Fig. 4e-h). 
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Figure 4. (a) Fluorescence image of patterned multiple cell types.Fibroblasts (red) and neonatal rat 

cardiomyocytes (green), combined with a 6-bit barcode. (b) Confocal fluorescence image demonstrating fibroblast 
attachment within a spot (Day 5). Example of millimeter-scale 3D structures obtained by stacking (c), rolling-up (d), 

and rolling-up with drum translation (e-h). Scale bars 500µm (a, d, e-g), 10µm (b), 1mm (c), 2mm (h). 
 

CONCLUSION 

The presented strategy may enable a fully-automated and continuous format for culturing cells in physiologically 
relevant microenvironments, the systematic investigation of cell-cell and cell-matrix interactions and, ultimately, 
define 3D functional tissues. 
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ABSTRACT 

This paper presents a microchip that integrates the isolation and amplification of target-binding DNA strands in a 
randomized DNA mixture. Target-binding strands are isolated in the chip via binding with human immunoglobulin E 
(IgE) immobilized on microbeads, electrophoretically transported through a gel-filled microchannel, captured onto 
microbead-tethered reverse primers, and amplified using polymerase chain reaction (PCR). Integration of isolation 
and amplification is achieved using electrophoretic transport through the gel-filled microchannel, which prevents 
contamination of buffers or reactants while transferring the desired target-binding DNA. Experimental results show 
that our microchip can isolate and amplify target-binding DNA strands with increased binding affinity to IgE protein.  
 
KEYWORDS 
Microchip, electrophoresis, polymerase chain reaction, aptamer, affinity binding 

 
INTRODUCTION 

Analytes in biological samples are often present in minute quantities and contaminated with impurities in 
samples; it is thus of great interest to develop efficient methods and devices to isolate and enrich such analytes. In 
particular, isolation and amplification of DNA molecules have important applications to clinical detection of 
disease-related DNA markers [1] and synthetic selection of analyte-specific nucleic acids such as aptamers [2, 3]. 
Recently, microfluidic technology employing solid-phase extraction and electrophoretic separation has been applied 
to improve enrichment efficiency. However, existing microfluidic devices still typically require additional off-chip 
processes to isolate target-specific analytes from a solution. We recently developed a microchip in which 
target-binding DNA can be isolated and enriched by bead-based isolation and gel-based electrophoretic transport; 
however, the device was not yet capable of integrated DNA amplification, which is needed for assays such as clinical 
detection of DNA biomarkers [4] and binding affinity measurements [5].          

This paper presents a microfluidic chip that fully integrates solid-phase-based DNA isolation with amplification 
of the isolated nucleic acids by polymerase chain reaction (PCR) using electrokinetically based molecular 
manipulation. In the chip, target-binding single-stranded DNA (ssDNA) is isolated by human IgE-functionalized 
microbeads in a chamber, electrophoretically transported through a gel-filled channel, and amplified on bead 
surfaces in another chamber. The gel physically separates microchambers on-chip, allowing desired ssDNA to be 
electrophoretically transported and eliminating cross-contamination. The combination of bead-based nucleic acid 
isolation, gel-based electrophoretic nucleic acid transport, and PCR simplifies microchip design, fabrication, and 
operation by eliminating the need for complex flow handling components. Experimental results show that our 
microchip can isolate and amplify IgE-binding ssDNA strands with increased binding affinity.  

 
PRINCIPLE AND DESIGN 

In our device, randomized ssDNA is incubated with IgE-functionalized beads in the isolation chamber (Figure 
1a). Weakly bound ssDNA is then washed away and strongly bound strands are thermally eluted at 57°C (Figure 
1b-1c). The eluted strands are electrophoretically transported into the PCR chamber where they are captured onto 
reverse-primer coated microbeads (Figure 1d-1f). The captured strands are amplified on the bead surfaces via PCR. 
The amplified strands are collected for binding affinity tests (Figure 1g).  

The microchip consists of isolation and PCR amplification chambers (volume: 5 μL) having weir structures 
(depth: 40 μm) for trapping beads (diameter: 100 μm). Integrated resistive heaters and sensors (Cr/Au: 5/100 nm) 
control the chamber temperature during thermal elution and PCR amplification in the isolation and PCR chamber, 
respectively. The two chambers are connected by a channel filled with 3% agarose gel (7 mm  0.8 mm  40 μm). 
The additional channel lengths (0.4 μm) between the agarose-filled channel and each chamber provide thermal 
insulation to the agarose gel when the chambers are heated. These additional channels are filled with buffer through 
supplementary inlets. An electric field (25 V/cm) for DNA electrophoresis is generated by platinum electrodes that 
are inserted through bead inlets (Figure 2).  
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FABRICATION 

The microchip was prepared using conventional microfabrication techniques. Briefly, layers of SU-8 photoresist 
were spin-coated on a clean silicon wafer and baked on a hotplate. To define the shape of the microchip, the 
solidified photoresist layers were exposed to UV light through photomasks and developed. Polydimethylsiloxane 
(PDMS) pre-polymer was spread onto the SU-8 mold, baked, and peeled off from the mold. Meanwhile, chrome and 
gold layers were deposited on a clean glass substrate and patterned to form the resistive heaters and sensors using 
positive photolithography. The heater/sensor layer was passivated with silicon dioxide (thickness: 1 μm) using 
plasma-enhanced chemical vapor deposition. After creating access holes in the PDMS slab, it was bonded on the 
glass substrate using oxygen plasma treatment. Molten agarose gel was injected into the channel through the gel inlet 
and allowed to solidify. 
 
EXPERIMENTAL 

Isolation and enrichment of target binding nucleic acids in a randomized ssDNA mixture was carried out as 
follows. The isolation chamber was filled with approximately 4  104 IgE-functionalized beads through a bead inlet 
using a syringe. The beads were then washed with PBS buffer modified with 1 mM MgCl2 for 5 minutes at a flow 
rate of 40 μL/min using a syringe pump. The random ssDNA mixture was introduced to the chamber, incubated with 
the beads for 30 minutes, and collected from the outlet in tubes (~33 μL/tube). Weakly bound DNA strands were 
washed from the beads with PBS buffer (40 μL/min) while the waste solution was collected in separate tubes at the 
outlet (~33 μL/tube). The two chambers were filled with 0.5 TBE buffer containing 100 mM Na+ and the isolation 
chamber was heated at 57°C for 5 minutes via the resistive heater to elute strongly bound strands. During the thermal 
elution, Pt electrodes were inserted into the chambers to generate an electric field of 25 V/cm. The DNA strands 
were then electrophoretically transported through the gel-filled channel and hybridized to the reverse primers 
immobilized on the beads in the PCR chamber. The captured strands were then PCR amplified on the beads by 
thermal cycling using the resistive heater. The amplified strands were separated from the complementary strands on 
beads by heating the chamber to 95°C and collected from the outlet. To perform the binding affinity measurement, 
ssDNA strands were incubated with approximately 5 μL of IgE-beads and eluted by heating at 95°C. The 
concentration of eluted DNA strands was then measured using a fluorescence spectrometer.                                                                                              
 

                                                                       
     
                              

                                                

(d)

Figure 3: (a) Gel electropherogram of amplified eluents obtained from the isolation chamber. (b) Band 
intensity of each lane. Lanes 1: positive, 2: negative, 3: incubation, 4-6: washes, 7: elution, 8: wash from the
PCR chamber.
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Figure 2: An image of the microchip. The chip is filled 
with red ink for visualization.
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Figure 1: Illustration of ssDNA isolation and 
amplification using the microchip: (a) incubation, (b) 
wash, (c) elution, (d) electrophoretic transport, (e) 
hybridization, (f) PCR amplification, and (g) 
denaturation and release.

(a)

1 2 3 4 5 6 7 8 
87 bps 

Heat Heat 

  

   
 

 
  

+ −     
 

    

 
 

 
 

 
 Heat 

Heat Heat 

 119



                    
   
 
 
 
RESULTS AND DISCUSSION 

To investigate the isolation of IgE-binding ssDNA, eluents from each step were amplified with PCR (14 cycles) 
and visualized using gel electrophoresis with intercalating dyes. DNA strands that did not bind to the beads during 
incubation are represented by the band in lane 3. The decrease in band intensity from lanes 4 to 6 indicates that 
weakly bound ssDNA were gradually removed from the beads during washing, while the bright band in lane 7 
represents ssDNA that was strongly bound to IgE. No band in lane 8 indicates no DNA entered the PCR chamber 
during isolation of ssDNA (Figure 3).  

We investigated the electrophoretic transport of DNA from the isolation chamber to the PCR chamber. The 
increase in the fluorescence intensity of beads in the PCR chamber indicates that the electrophoretically transported 
strands were hybridized to reverse primers that were immobilized on the beads (Figure 4). Then the captured DNA 
strands were amplified on the beads via thermal cycling using the integrated resistive heater. As the number of 
thermal cycles increased, a stronger fluorescent signal on the beads were observed indicating that the density of 
DNA on the beads increased (Figure 5). The resulting isolated ssDNA strands that were separated from the beads in 
the PCR chamber have been observed, via off-chip fluorescence measurements, to possess increased binding affinity 
over the random ssDNA strands to IgE protein (data not shown).  

 
CONCLUSION 

We have demonstrated an integrated microfluidic chip for isolating and amplifying ssDNA that bind to human 
IgE. In the chip, IgE-binding ssDNA strands are isolated by target-functionalized microbeads, electrophoretically 
transported through a gel-filled microchannel, captured via hybridization, and amplified on microbeads. 
Cross-contamination of buffers in different microchambers is eliminated with the gel-filled channel. Because 
complex flow handling components are not necessary, operation of the device is simplified. Experimental results 
show that DNA strands with increased binding affinity to IgE can be isolated and amplified in our microchip.  
 
ACKNOWLEDGEMENTS 

We gratefully acknowledge financial support from the National Science Foundation (Award No. CBET-0854030) 
and the National Institutes of Health (Award Nos. RR025816-02 and CA147925-01). 
 
REFERENCES 
[1] J.P. Jakupciak, W. Wang, M.E. Markowitz, D. Ally, M. Coble, S. Srivastava, A. Maitra, P.E. Barker, D. Sidransky, 
C.D. O'Connell, Mitochondrial DNA as a cancer biomarker, J. Mol. Diagn., 7, pp. 258-267, (2005). 
[2] M. Cho, Y. Xiao, J. Nie, R. Stewart, A. T. Csordas, S. S. Oh, J. A. Thomson, and H. T. Soh, Quantitative selection 

of DNA aptamers through microfluidic selection and high-throughput sequencing, Proc. Nat. Acad. Sci. U.S.A., 107, 
pp. 15373-15378, (2010). 
[3] C. J. Huang, H. I. Lin, S. C. Shiesh, and G. B. Lee, Integrated microfluidic system for rapid screening of CRP 

aptamers utilizing systematic evolution of ligands by exponential enrichment (SELEX), Biosens. Bioelectron., 25, pp. 
1761-1766, (2010).   
[4] M. Sánchez-Carbayo, Use of high-throughput DNA microarrays to identify biomarkers for bladder cancer, Clin. 
Chem., 49, pp. 23-31, (2003). 
[5] J. Kim, J. P. Hilton, K. A. Yang, R. Pei, K. Ennis, M. Stojanovic, and Q. Lin, A microchip for nucleic acid 

isolation and enrichment, Proc. MEMS 2012, pp. 765-768, (2012). 
 
CONTACT 
Jinho Kim 1-212-854-3221 or jk3185@columbia.edu 

Figure 4: Changes in fluorescence intensity of 

primer-coated microbeads in the PCR chamber 

following capture of ssDNA.  

Figure 5: Changes in fluorescence intensity of 

DNA-hybridized beads in the PCR chamber as a 

function of the number of PCR cycles. 
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ABSTRACT 

In nature, Predator-Prey (PP) systems are extremely hard to observe because of their large scale in both time and 
space [1]; we propose here a micro-ecosystem, based on biochemical reactions, that is able to emulate a two-dimensional 
in vitro PP ecosystem under a microscope. This molecular in vitro implementation accurately reproduces the dynamics of 
PP ecosystems, and is greatly scaled-down in time and space. Moreover, it experimentally shows that by controlling both 
reaction and diffusion in a microfluidic set-up, it is possible to trigger the emergence of complex spatial patterns. 
 
KEYWORDS 

Reaction-Diffusion, Predator-Prey, Ecosystem, Reaction Networks. 
  
A DNA-BASED IMPLEMENTATION OF PREDATOR-PREY RELATIONSHIP  

Predator-Prey (PP) networks have been mostly studied for their ecological relevance. Following the century-old PP 
equations [2], PP networks are known to be able to display complex behaviors –including oscillations– under a large 
range of conditions. They, however, have never found any chemical in vitro implementation. PP systems can be defined 
in terms of a set of reactions: preys autocatalytic reproduction, predation of preys by predators, and decay of both 
species. By using a set of simple DNA-based enzymatic reaction [3], we have developed an in vitro system that encodes 
PP relationship [4]: predator (fox) and prey (rabbit) are both DNA species, and their DNA sequences define their trophic 
relationship. Experimentally, DNA-foxes and DNA-rabbits interact in a closed environment: in the presence of grass 
DNA sequence, rabbits autocatalytically reproduce (Figure 1-A). Grass sequence is labeled in 3’-end with a fluorescent 
dye, which allows –through nucleobase quenching [5]– to monitor the rabbits as they hybridize to the grass. A fox 
finding a rabbit produces two foxes (Figure 1-B); both foxes and rabbits die (Figure 1-C), whereas the amount of grass 
stays constant across generations. In 0-dimensional (well mixed) conditions, this system is an accurate chemical in vitro 
model of Lotka-Volterra PP equations [2], and displays sustained oscillations of fox and rabbit populations (Figure 1-D). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ECOSYSTEM ON A CHIP 

In the natural world, spatial effects are believed to be responsible for a large part of the dynamic complexity observed 
among animal populations [6]. It was shown that, for instance, different spreading rates for prey and predator potentially 
lead to complex spatial patterning [6]. Therefore, we implement our DNA-based PP system in a two-dimensional 
environment, where both foxes and rabbits can freely diffuse.  
 

The molecular PP ecosystem is set in a thin (~250!m) chamber filled with a few microliters of reacting mix and 
enclosed between two glass slides. The chamber is first shaped in Parafilm® M, then sandwiched between two glass 
slides and baked a few minutes at 55°C. We follow the reaction with a fluorescent microscope, using a purposely-
developed quencher-free reporter of rabbit concentration [5]. From initially localized populations of rabbits and foxes, 
rabbit and fox populations evolve in the pseudo two-dimensional landscape. As an example, traveling waves of rabbits 

Figure 1. DNA-based Predator-Prey system. (A) In presence of the grass DNA strand, rabbits 
autocatalytic reproduce. (B) Predation of rabbits by foxes. (C) Death of both rabbits and foxes. (D) 
Experimental curve in 0-dimensional milieu (test tube) using N-quenching [5], showing oscillations of 
rabbit population: fluorescence decreases as concentration of rabbit increases. 
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colliding with the walls of the ecosystem or with other waves can be seen on Figure 2: rabbits reproduce (darker area), 
foxes increase as they hunt and eat rabbits, rabbits migrate (traveling wave) but eventually get surrounded by foxes 
(wave extinction). As foxes cannot find rabbits anymore, they starve, and rabbits recover, starting the cycle again. These 
complex spatial behaviors are supported by simulations that predict emergence of pattern –such as travelling and 
colliding waves– for a locally perturbed two-dimensional PP ecosystem (Figure 3).  

 
This micro-ecosystem enables easy two-dimensional in vitro study of PP relationship and its extensive range of 

dynamics arising, for instance, from environmental perturbations. It can be used to explore the landscape-dynamics 
relationships for complex PP ecosystems, by implementing different environment topology (micro-ecosystem shape), or 
localizing some of the resources at particular positions of the microchip (patchy systems).  
Our report also opens the rational programming of emergent patterns in a microfluidic environment, with possible 
applications for on-chip computation and self-organizing devices.  

 
 
 
 

Figure 3. Finite-element simulation (non-dimensional model) showing the rabbit population 
evolving in a two-dimensional round arena. 
!

Figure 2. Time-evolution of a two-dimensional PP ecosystem starting with a localized population of rabbits: 
dark areas are areas of high rabbit concentration monitored with N-quenching [5]. Red arrows show the 
waves movement.!
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ABSTRACT
On-chip artificial Darwinian selection technology using a microarray was developed as one of the most 

promising approaches to efficiently obtaining the genetic codes of superior proteins from a large number of mutant 
libraries. A first-generation mutant GFP (green fluorescent protein) library in which random mutation was introduced 
to a chromophore region was translated on a chip. Subsequently, a second-generation protein chip arraying only the 
brightest GFPs was successfully obtained using the Darwinian selection technology. This selection technology is 
expected to become an essential tool for directed molecular evolution.

KEYWORDS
Directed evolution, Mutants, Microarray, Emulsion PCR, Selection

INTRODUCTION
In the field of high-speed protein molecular evolution technology, the high-throughput selection of genetic 

codes of mutants is a challenging issue, and an integrated microarray chip with directed evolution is one of the most 
efficient approaches to achieving the evolution of superior proteins [1]. We have been developing an ultra large scale 
(1.44×108 wells/chip) microwell array chip as a platform to enable the screening and one-step synthesis of mutant 
proteins [2]. In this paper, we report a simple and robust technology for selecting superior genetic codes from a 
mutant protein library on a microarray chip.

EXPERIMENT
A schematic of the selection technology is shown in Fig. 1. Each molecule of a random mutant GFP-DNA was 

amplified and immobilized onto a 2.8 m diameter magnetic bead using the BEAMing method that was applied to 
emulsion PCR [3]. Subsequently a DNA microarray chip (6.9×105 beads/cm2) arraying random mutant DNAs was 
fabricated using our developed automatic magnetic bead arrangement system, which enables an array of 
DNA-immobilized beads to be formed in a PDMS microwell (4.0 m diameter and height) with the assistance of an 
external dynamic magnetic force. A cell-free translation reagent was poured onto the DNA microarray chip. 
Subsequently, the entire surface of the chip was covered with a synthetic oil to isolate each microwell. After 
incubation, translated random mutant GFPs on the chip were observed under a confocal microscope at 488 nm 
excitation, and the mutant DNAs indexed to the brightest GFPs were recovered selectively. Finally, the recovered 
mutant DNAs were amplified.

  
 

 
 

PDMS sheet DNA-immobilized 
magnetic bead 

Silicon wafer  
sputter-coated with nickel 

Cell free synthesis reagent Isolation with thin oil layer 

GFPs 

DNAs 

Brightest GFP 

Superior 
genetic-codes 

(e) 
Superior Superior Superior Superior Superior Superior Superior Superior 

(f) (d) 

DNA

(a) (b) (c) 

Figure 1 Schematic of artificial Darwinian selection technology. a) Mutant DNA microarray chip. b) 
Pouring a cell-free translation reagent onto the microarray array chip. c) Isolation of all wells with thin oil 
layer. d) Cell-free translation from mutant DNAs to GFPs. e) Recovery of the beads immobilizing mutant 
DNA including genetic codes with brightest mutant GFPs. f) Amplification of the recovered mutant DNAs. 
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RESULTS AND DISCUTION
As shown in Fig. 2, the mutant GFPs introduced random mutation into threonine at position 65 in the 

chromophore region of wild-type GFP. On the other hand, the cell-free translation reagent was perfectly dispensed 
into all the wells only by flowing of a thin oil layer (See Fig. 3 for the simulation result). Hence, as shown in Figs. 
4(a) and (b), the DNA microarray chip was converted into a protein array chip with various fluorescence intensities. 
The synthesis of mutant GFPs was also confirmed by SDS-PAGE (Fig. 4(c)).

Figure 2 Schematic of a position of introduced random mutation to wild-type GFP. a) A position of random 
mutation (threonine65X (Thr65X)) introduced into amino-acid sequence of the GFP. b) Position of random 
mutation (NNN) introduced into DNA sequence of the GFP.
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5’ATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTC
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ATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGA
CAACCATTACCTGTCGACACAATCTGCCCTTTTGAAA
GATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTG
AGTTTGTAACTGCTGCTGGGATTACACATGGCATGGA 
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Figure 3 Volume of fluid (VOF) 
simulation for the isolation of all PDMS 
microwells sinply by the flow of a thin 
oil layer.

Figure 4 a) Fluorescence microscopy image of a mutant DNA 
microarray chip. Cy5-labeled DNA-immobilized beads were 
arrayed on the microwell array chip with high density. b) 
Fluorescence microscopy image of first-generation GFPs with 
various fluorescence intensities on the microarray chip. c) 
SDS-PAGE analysis of the mutant GFPs.
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Five of mutant-DNA-immobilized beads indexed to the brightest GFPs (Fig. 5(a)) were successfully recovered 
using a glass manipulator with 4 m diameter (Fig. 5(b)). Subsequently, the recovered DNAs were amplified using 
PCR (Fig. 5(c)). The amplified mutant DNAs were again subjected to emulsion PCR, DNA microarray chip 
fabrication, and on-chip cell-free translation; then, the mutant GFPs on the chip that exhibited the brightest uniform 
fluorescence were observed (Fig. 6). Consequently, first-generation mutant GFPs with various fluorescence 
intensities were successfully shifted to second-generation brightest mutant GFPs (Fig. 7).
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Figure 5 Recovery and amplification of genetic codes of the brightest GFPs on a chip. a) Fluorescence 
microscopy image of screening of the brightest GFPs. b) Bright-field image of recovered the 
mutant-DNA-immobilized beads. c) PAGE analysis of an amplified mutant DNA recovered from (b).
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Figure 6 Fluorescence microscopy image of 
second-generation mutant GFPs.

Figure 7 Progression of artificial Darwinian selection 
from first-generation to second-generation mutants.
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ABSTRACT 

We demonstrated a single-cell level microscale electroporation system, allowing sequential delivery of various 
molecules into pre-selected identical populations of target cells. Inherently membrane-impermeant molecules can be 
transferred uniformly across entire cytosol with a precisely controlled amount. Additionally, the system allows 
real-time monitoring of on-chip biomolecule delivery processes without the need for additional target-cell 
purifications pre- or post-electroporation steps, minimizing costly reagent usage and sample loss. The system’s high 
sample viability and electroporation efficiency with minimized sample-loss suggest that the current system has great 
potential to expand research fields that on-chip electroporation techniques can be used.  

 
KEYWORDS 

Molecule delivery, Electroporation, On-chip sample preparation, Cell purification.  
 

INTRODUCTION 
The ability to introduce foreign molecules into biological components, such as living mammalian cells and 

human tissues, has significant implications for biological research and medical applications [1]. Various chemical 
and physical methods have been developed in order to manipulate and/or alter cellular functions by delivering 
molecular probes into living cells. Among these techniques, electroporation is an effective technique that permits 
direct labeling of intracellular components or regulating cell function by transiently creating pores through which 
molecular probes can be introduced. [1, 2]. Its ability to physically inject molecular probes into cells eliminates need 
for potentially cell-damaging chemical reagents or viruses. However, conventional electroporation techniques 
utilizing cuvettes or micro-capillaries rely on bulk stochastic molecule delivery processes, prohibiting sequential 
delivery of multiple molecules into identical cell populations with precisely controlled dosage [3, 4]. In addition, the 
conventional electroporation methods cannot be easily integrated with real-time monitoring techniques for direct 
visualization, useful for studying uptake mechanism of probes [4]. In order to address these limitations, we have 
developed a microfluidic vortex-assisted electroporation system, allowing the sequential delivery of multiple 
molecules into pre-selected identical population of target cells at the single-cell level. 

 
EXPERIMENTAL METHODS 

The sequential vortex-assisted microscale electroporation system consists of sample and solution injection ports, 
the inertial focusing region, electroporation chambers, and an outlet (Figure 1). The inlet region has multiple 
injection ports assigned for solutions containing (i) biological samples to be electroporated (sample solution), (ii) 
biomolecules to be delivered to electroporated biological samples (molecule solutions), and (iii) cell growth media 
or DPBS that washes the entire device in-between step and in which processed cells are resuspended (washing 
solution). The sample solution, containing heterogeneous cell population of metastatic breast cancer cell line 
(MDA-MB-231) or leukemia cell line (K562), is injected into the device using a custom-build pressure system at 
operating pressure of 40 psi, equivalent to the flow rate of 400µL/min. In the inertial focusing region, flowing cells  

 

 
 

Figure 1. Schematics of On-Chip Sequential Electroporation System and electroporation of MDA-MB-231. (a) 
The system consists of four imjection ports, inertial focusing region, electroporation chambers with electrodes and 
an outlet. (b and c) Calcein AM (B) stained target cells are isolated into the electroporation chamber. (d and e) 
Shortly after electroporation, molecular probes(G: YoYo®-1 and R: PI) are sequentially injected through the device 
and uptaken by trapped cells. Scale bars are 100µm. 
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are precisely positioned at distinct lateral equilibrium positions depending on their biophysical properties [5]. 
Among inertially focused flowing cells, only cells with diameter greater than a trapping threshold (Dcr ≈ 12µm) are 
isolated and trapped in electroporation chambers [6, 7]. Once target cells are trapped in those chambers, the sample 
solution is rapidly exchanged with the washing solution in order to remove unwanted small cells from the entire 
device without disturbing orbits that trapped cells created. Trapped cells are electroporated by applying short 
pulsations of high electric field and, promptly after short pulsations, electroporated cells are exposed to molecule 
solutions one by one using the rapid solution exchange scheme [6]. After controlled amount of molecular dosage has 
been injected through the device, the electroporated sample are resuspended into the washing solution and released 
from the device for downstream analysis by simply lowering the operational pressure to 5 psi. A custom-built, 
computer-assisted pressure control setup is used to control flow through the system in order to stably maintain 
identical cell populations in the designated chambers throughout the course of electroporation and multiple solutions 
exchange steps. Inherently membrane-impermeable molecules, including two DNA intercalating agents (Propidium 
iodide (PI) and YoYo®-1) and an enhanced green fluorescent protein (EGFP) plasmid, were successfully transferred 
into selected cell populations. Finally, the efficiency of electroporation and viability of processed mammalian cells 
were evaluated by systematically varying (i) solution injection time and (ii) electroporation voltages.  

 
RESULTS AND DISCUSSION 

Real-time monitoring of fluorescent signals exhibited that (i) there exists a distinct electric field threshold that 
molecule-uptake is initiated for each cell line tested and (ii) the amount of transferred molecules is gradually 
increased with increasing electric field strengths and molecular doses (Figure 2 and 3).        

 

 
 

Figure 2. The amount of transferred PI molecules into MDA-MB-231 cells increased with (a) increasing electric 
field strength and (b) increasing solution injection time at E=0.8kV/cm. The electric pulses was applied at t=0. 
 

 
 

Figure 3. Sequential fluorescent images illustrating gradual increase of fluorescent signals of electroporated 
K562 and MDA-MB-231 cells. The tested uptake material was PI and scale bar is 100µm.  
 

The viability and electroporation efficiency tests were conducted on electroporated cells collected off-chip 
revealed that the optimum electric field strengths for K562 and MDA-MB-231 cells were found to be approximately 
electric field strength, E = 1.0kV/cm and 0.8kV/cm, respectively, with viability greater than 83% and electroporation 
efficiency of 70%. In addition, the distribution of transferred molecules was uniform throughout the entire cytosol, 
indicating uniform permeabilization that potentially related to reduced mortality (Figure 4).  
 

 
 

Figure 4. Viability and efficiency of electroporated MDA-MB-231 cells (n=4). The optimum electric field 
strengths for MDA-MB-231 were found to range between 0.6 and 1.0 kV/cm with the viability greater than 83% with 
the electroporation efficiency of 70%. Scale bar is 10µm. 
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Moreover, a single electroporation step was found to be sufficient enough to sequentially deliver two distinct 
membrane-impermeable molecules (PI and YoYo®-1) into pre-isolated MDA-MB-231 cells through using sequential 
solution exchange processes (Figure 1 c–e).  

Finally, MDA-MB-231 cells are transfected with an EGFP plasmid labeling endoplasmic reticulum (Figure 5a) 
using the optimum electroporation condition of the system (E = 1.0kV/cm and plasmid concentration of 50 µg/ml). 
Transfected cells exhibited strong and localized fluorescence signals around nuclear region after culturing cells 
off-chip for one week.  

 

 
 

Figure 5. Images of EGFP transfected MDA-MB-231 cells cultured for a week. Microscopic image of 
MDA-MB-231 cells electroporated at 1.0 kV/cm for 20ms (overlay of bright field and green fluorescent images). 
(right) Magnified images showing divisions of transfected cells. Image contrast is enhanced by adjusting look-up 
table.   
 
CONCLUSION 

The proposed technique allows cost-effective, single-cell level, on-chip molecular probe delivery without the 
need for additional target-cell purifications pre- or post-electroporation steps (i.e, laborious sample preparations or 
time-consuming centrifugation). The amount of transferred molecules can be precisely and individually controlled 
for various molecules and can be delivered into the identical target cell populations by a single electroporation 
process. The system would offer numerous benefits, including real-time monitoring of intracellular transferred 
molecule amounts, reduction in costly reagent usage and minimized electroporated sample loss. Moreover, the 
system’s low operational current can eliminate viability-related problems associated with a high current in 
electroporation. The developed technique would have great potential to expedite the development of the 
cost-effective electrochemotherapy or the gene electrotransfer process, useful for the cancer therapy.  
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ABSTRACT 
     Here we describe an improved method of separating sperm cells from lysed epithelial cells via acoustic cell 
trapping.  In particular, we show that in the processing of samples with low numbers of sperm cells, addition of 
polymeric beads to the sample[1] allowed for better performance in terms of higher trapping efficiency versus our 
previous acoustic differential extraction (ADE) results[2].  We report an increased throughput of 30 µL/min (1.8 
mL/hour) and reduced sample concentration requirement (1 sperm cell/µL), Separation of low sperm count samples 
in epithelial cell lysate allowed unambiguous STR typing of the sperm donor. 
 
KEYWORDS: 
Acoustofluidics, bulk acoustic wave, cell separation, forensic analyses.  

 
INTRODUCTION 

Acoustic cell trapping is a sub-field of the burgeoning acoustofluidics discipline wherein localized ultrasonic 
standing waves (USW) are established in microfluidic devices to achieve liquid-phase, contact-free particle 
separations with high efficiencies[3].   

In collaboration with the Laurell group, we have previously applied acoustic trapping to mock sexual assault 
samples, wherein sperm cells were separated from epithelial cell lysate via acoustic differential extraction (ADE)[2]. 
This proof-of-principle device required relatively high sample concentrations (~500 sperm cells/µL) and has a low 
processing throughput (1 µL/min), limiting its applicability to evidentiary samples (for which a processing backlog 
exists[4]) that may contain less than 1 sperm cell/µL in ≥1 mL total volume.  In this work, we built an acoustic 
trapping system that includes a glass-PDMS-glass (GPG) resonator chamber with an external PZT transducer, which 
provided better performance in terms of increased flow rate up to 30 µL/min.  In the separation of dilute semen 
sample, assisting polymeric beads were added into the sample solution to aid the formation of trapping aggregate 
and thus increase the trapping efficiency. 
 
EXPERIMENTAL 

Piezoelectric transducer assemblies were built from lead zirconate titanate (PZT) piezoelectric ceramic 
(SMD10T04F5000S111, Steiner and Martins Inc.) that was diced, scored, and mounted on printed circuit boards 
(PCBs) using conductive epoxy.  During acoustic trapping the transducer was actuated near 5.4 MHz and ~30 Vpp. 
using a 20 MHz function generator (Agilent 33220A) and custom amplifier[5].  The temperature of the bottom 
glass plate near the PZT was monitored using a miniature type T thermocouple (Physitemp) and a thermocouple to 
analog converter (Omega Engineering).  Channels were cut through a ~290 µm PDMS film (Roger HT-6240 solid 
silicone) using CO2 laser ablation (VersaLaser 350, Universal Laser Systems) and then plasma bonded between two 
layers of ~180 µm cover glass (Corning).  Access holes were cut through glass cover using laser ablation.  A 
localized USW was established in glass-PDMS-glass (GPG) microfluidic resonators between the top and bottom 
glass layers (Fig. 1).  The resonance frequency f of the USW was dependent on the height of the cavity h (i.e. the 
thickness of the PDMS layer)(Fig. 2), as predicted by the 1D resonance approximation, h=nλ/2= nv/2f, (n=1,2,3...) 
where v is the speed of sound in water at 38 ºC. 

Neat semen samples were diluted with 0.1% TWEEN 20 (Sigma) and labeled with 10 mM Syto 11 (Invitrogen).  
Female lysate was prepared by first eluting epithelial cells from buccal swab samples and then lysed as previously 
described [6].  The polymeric bead solution was prepared by diluting 6 µm violet polystyrene beads (Polysciences) 
in 0.1% TWEEN 20. Mixed samples were prepared by spiking calculated amount of diluted semen sample and bead 
solution into female epithelial cell lysate.  All samples were trapped at flow rate of 30 µL/min, driven by syringe 
pump (Cetoni).  Fluorescence microscopy was used to distinguish between violet beads and Syto 11 labeled sperm 
cells (Fig. 3).  Cells and beads were quantitated via hemacytometer (Glasstic, KOVA slide II, Hycor Biomedical).  
DNA from cell samples was isolated via solid phase extraction (Qiagen), STR PCR amplifications were performed 
(Applied Biosystems, Identifiler), and samples were analyzed by multi-color capillary electrophoresis (ABI 310, 
Applied Biosystems). 
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RESULTS AND DISCUSSION  
In semen samples of 500 sperm cells/µL, a trapping efficiency (# retained cells / # total infused cells × 100 %) of 

82 ± 9 % was achieved at a flow rate of 30 µL/min, while a sample containing 1 sperm cell/µL resulted in a trapping 
efficiency of only 18 ± 3 % (Fig. 4).  The decrease in trapping efficiency for dilute samples can be attributed to 
difficulties in aggregate formation[1], and the concomitant reduction in the attractive inter-particle secondary 
radiation forces (SRF) that aid cell retention[7]. 

 

 

 
 
Figure 5. Visual monitoring of bead-assisted sperm trapping.
Still images from video of a trapping experiment are shown at 
10, 60, 120, 180, and 200 second time intervals.  The process 
was simultaneously monitored in fluorescence (upper row) 
and bright field (lower row) microscopy.  The bright spots in 
the fluorescence images are fluorescently-stained sperm cells. 
Samples were infused at 30 µL/min for total volume of 100 µL. 
 

 
 
Figure 4. Dependence of trapping efficiency 
on cell concentration (n=3). Samples were 
infused at a flow rate of 30 µL/min and
sperm cells were quantitated via 
hemocytometer.  

 

 
 
Figure 3. Comparison of fluorescence intensity of beads versus syto-11 stained sperm cells. (A) Fluorescence 
images and (B) fluorophore intensity distribution for mixture sperm cells (red arrows) and polymeric beads 
(blue arrows). 

 
 
Figure 1. System of acoustic trapping. 
Glass-PDMS-Glass (GPG) resonator chip (1) is 
fabricated by laser ablation and subsequent plasma 
bonding. Fluidic connections were made via PTFE 
tubing inserted into silicone tubing affixed with silicone 
adhesive. Completed GPG chip was clamped against a
PZT transducer mounted on a printed circuit board (2). 

 

 
 
Figure 2. Resonance frequency & working 
temperature vs. thickness of the PDMS layer. 
Temperature remained 38±0.5 degrees among all 
four assays.  Resonance frequency at each PDMS 
thickness was determined by detecting the maximum 
temperature change[8].
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To increase the trapping efficiency of diluted samples, we added inert polymeric beads (6 µm diameter) to 
increase the probability of inter-particle collisions that lead to a bead-sperm cell co-aggregation (Fig. 5), after the 
“seeding” strategy by Hammarström et al.[1].  The trapping efficiency of dilute (1 sperm cell/µL) samples 
increased to 85 ± 4 % when a concentration of ~400 beads/µL was added to the sample.  A study of bead-assisted 
ADE was performed on a dilute, mixed sample of 5 sperm cells/µL in female epithelial cell lysate.  After recovery 
of the trapped cells, DNA was isolated via solid phase extraction and amplified for short tandem repeat (STR) 
analysis for human identification.   Full profiles of male DNA (sperm cells) with no detectable female peaks were 
generated, indicating successful separation of the male and female components and negligible inhibition from the 
beads (Fig.6). 
 

 
CONCLUSION 

In summary, we developed an acoustic trapping system consisting of a PCB-mounted PZT transducers and GPG 
resonators.  Processing throughput was increased to 30 µL/min over our previous system[2] and the trapping 
efficiency of dilute sample was increased by nearly 5 fold using bead-assisted acoustic trapping.  The addition of 
polymeric beads was proven compatible with STR PCR analyses.  Acoustic trapping was utilized to remove female 
epithelial cell DNA from an aggregate of trapped sperm and achieve a distinct male STR profile.  The acoustic 
trapping platform described here is a promising avenue toward expedited and lower cost processing of sexual assault 
forensic evidence. 
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Figure 6. STR amplification of DNA in untreated mixed sample (left) and isolated sperm cells (right).  Female 
peaks (red circles) were present in the admixed sample but absent in the STR profile from isolated sperm cells
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ABSTRACT 
Techniques that can noninvasively and dexterously manipulate single particles, cells, and organisms are invaluable for many 
applications in biology, chemistry, engineering, and physics. Here, we demonstrate “acoustic tweezers” that can trap and 
dexterously manipulate single microparticles, cells, and entire organisms (i.e., Caenorhabditis elegans) in a microfluidic chip. 
These acoustic tweezers utilize the wide resonance band of chirped interdigital transducers to achieve real-time control of a 
standing surface acoustic wave field, which enables flexible manipulation of most known microparticles. The low power 
density requirement by our acoustic device renders the technique noninvasive and amenable to miniaturization. Cell-viability 
tests were conducted to verify the non-invasive nature of this approach.  
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INTRODUCTION 
In 1986, Arthur Ashkin, Steven Chu, and colleagues first demonstrated trapping of single particles with a laser beam, 

known as optical tweezers1. Optical tweezers have since been used to manipulate many kinds of micro/nano objects, including 
dielectric spheres, cells, bacteria, viruses, DNA, and molecular motors2−4. However, the excellent precision and versatility for a 
number of functionalities of optical tweezers rely on high power laser beam and complex, potentially expensive optical setups 
that are difficult to maintain and miniaturize. Other popular particle-manipulation techniques also have potential drawbacks: 
magnetic tweezers require targets to be pre-labeled with magnetic materials, a procedure that affects cell viability5; 
electrophoresis/dielectrophoresis based methods are strictly dependent on the polarizability of the particles and the conductivity 
of the background medium, and utilize electrical forces that may adversely affect cell physiology due to current-induced 
heating and direct electric-field interaction5-8. In this regard, acoustic-based particle manipulation methods present excellent 
alternatives thanks to the fact that acoustic-based methods are relatively non-invasive to biological objects and work for most 
microparticles regardless of their optical, electrical, or magnetic properties. To date, many particle-manipulation functions (i.e., 
focusing, separating, sorting, and patterning) have been realized through acoustic-based approaches9−11. None of these 
approaches, however, have achieved the capability of manipulating single microparticles or cells along an arbitrary path. The 
acoustic tweezers presented here represent the first acoustic manipulation method to precisely control a single microparticle in 
two-dimensions.  

EXPERIMENT 
Figure 1 illustrates the working mechanism and structure of our device. A polydimethylsiloxane (PDMS) channel was 

bonded to a lithium niobate (LiNbO3) piezoelectric substrate asymmetrically between two orthogonal pairs of chirped 
interdigital transducers (IDTs). Chirped IDTs have a gradient in their finger period (Fig. 1a) which allows them to efficiently 
resonate at a wide range of frequencies12. Each pair of chirped IDTs was independently biased with a radio frequency (RF) 
signal to generate identical surface acoustic waves (SAWs), which then interfere with each other to form a standing SAW on 
the substrate. The standing SAW field generates an acoustic radiation force acting on suspended particles within. The acoustic 
radiation force drives particles to nodes or anti-nodes in the pressure field, depending on their elastic properties7. Most objects, 
including polystyrene beads, cells, and C. elegans, are pushed to nodes in the pressure field because of density and/or 
compressibility variations relative to the background medium7, 9. Figure 1b shows a schematic of the standing SAW and related 
pressure field along one dimension (x-axis) of the device. We refer to the stationary pressure node in the centre of the IDTs as 
the 0 order node (shown as a long dash dot line in Fig. 1b), progressing to the 1st order, 2nd order, 3rd order, etc. outward from 
the centre. Because absolute node location (        for nth order pressure node,   is the SAW wavelength) is directly 
related to the SAW wavelength which is directly related to the signal frequency (     , where   is the SAW propagation 
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velocity on the surface of substrate), all higher-order (   ) pressure nodes can be moved simply by altering the applied 
signal frequency. The node displacement (   ) can be described by:                               , as shown in 
Fig. 1b for a frequency change from f1 to f2. Using chirped IDTs with varying input RF frequency, we can shift the location of 
the pressure nodes, thus moving a single particle/cell/C. elegans which is trapped in the pressure node. Using our manipulation 
technique, we have achieved a velocity as high as ~1600 µm/s for 10-µm fluorescent polystyrene bead, corresponding to a 
force as high as 150 pN. 

 
Figure 1 a, Schematic illustrating a microfluidic device with orthogonal pairs of chirped IDTs for generating standing SAWs. 
b, standing SAWs generated by driving chirp IDTs at frequency f1 and f2. When particles are trapped at the nth pressure node, 
they can be translated a distance of (Δλ/2)n by switching from f1 to f2. This relationship indicates that the particle displacement 
can be tuned by varying the pressure node where the particle is trapped.     

 
Figure 2 a, Stacked images used to demonstrate independent motion in x and y using a 7-µm fluorescent polystyrene bead to 
write the word “NATURE”. b, Stacked images showing dynamic control of a bovine red blood cell to trace the letters “PSU”. 
c, Hela cell DNA synthesis measurement to verify the cell proliferation.     

To demonstrate single particle/cell manipulation in two dimensions, we tuned the input frequency of both pairs of 
orthogonally arranged chirped IDTs (as shown in Fig. 1a). Each pair of chirped IDTs independently controls particle motion 
along a single direction, thus the orthogonal arrangement enables complete control in the device plane. The dexterity of this 
approach is shown in the layered image in Fig. 2a, where a 7-µm polystyrene particle is trapped and moved along a path to 
write “NATURE”. Figure 2b presents the capture and subsequent manipulation of single bovine red blood cell to trace the 
letters “PSU”, demonstrating the applicability of the acoustic tweezers to biological samples. Additionally, we examined the 
proliferation of HeLa cells in high-power (23 dBm) standing SAW fields for 6 s, 1 min, and 10 min. The results (see Fig. 2c) 
indicate that after 10 min exposure to the acoustic field, no significant physiological damage was induced to the cell. 
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Finally, our acoustic tweezers can also simultaneously manipulate large numbers of particles. Parallel manipulation of 
multiple particles can be achieved with clusters of particles at a single pressure node, single particles at different pressure 
nodes, or clusters of particles at distinct pressure nodes (see Fig. 3). These results show that while the acoustic tweezers are 
capable of dynamically manipulating single particles/cells/organisms, they are also capable of simultaneously manipulating 
more than tens of thousands of particles over a variety of length scales.   

 
Figure 3 a, stacked image of the parallel manipulation of 3 bovine red blood cells to write a cross. b, stacked image of the 
parallel manipulation of arrays of 15-µm polystyrene particle clusters to write an array of “S”. c, simultaneously move tens of 
thousands of 15-µm polystyrene particle towards the same direction and functions as particle concentration.

The low power consumption and simple structure/setup of our technique can be integrated with a small RF power supply 
and basic electronics to function as a fully integrated, portable, and inexpensive particle-manipulation system. If combined 
with flow-based microfluidics, the device could sort, identify, and characterize cells and other biological particles. 
Additionally, the acoustic tweezers’ non-invasiveness, versatility, and dexterity render them an excellent microfluidic platform 
for a wide range of applications in both the biological and physical sciences.     
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Figure 1: Overview.  a) Mixed cell populations introduced into a microfluidic channel flow along the electrodes due 
to the combined action of hydrodynamic (FHD) and DEP (FDEP) forces. b) As the cells pass by the microscope 
objective, we take images, from which we extract the distance from the cells to the electrode centerline (the balance 
position, δ) and optical information (area, morphology, intensity, etc.). c) The multi-dimensional information enables 
thorough single-cell analysis of various intrinsic properties within the population, here shown as two-dimensional 
scatter plots of pairs of intrinsic parameters. d) We can cluster the multi-dimensional data and then gate the clusters 
to examine the underlying cell images, thus virtually de-mixing the population. 
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ABSTRACT

We demonstrate an automated high-throughput method—multimodal electrical and optical cytometry 
(MultiMEOC)—for simultaneously measuring the electrical and optical properties of cells. MultiMEOC utilizes 
microscopic imaging of particles moving against electrodes to extract the electrical and optical properties on a per-cell 
basis.  We used the method to discriminate mammalian HL-60 cells based upon viability, and were able to decompose 
complex mixtures containing both cells and beads. Finally, we used MultiMEOC to discriminate primary neutrophils 
based upon their activation state.  MultiMEOC can perform multimodal characterization and discrimination of cells 
efficiently and therefore evaluate the separability of cells based upon intrinsic properties. 
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INTRODUCTION
Cell separation based on intrinsic properties such as size1, shape2, and electrical properties3 has diverse applicability, 

from cancer4 to stem cells5. Intrinsic properties are typically widely distributed in any given population (e.g., factor of 
two variation in cell size), and devices that separate based on a single intrinsic property may not perform optimally (e.g., 
leukocyte subpopulations have overlapping size distributions6).  Unfortunately, no devices exist that can acquire 
multimodal intrinsic information (size, shape, electrical properties) simultaneously on large numbers of cells. Here we 
describe multimodal electrical and optical cytometry (MultiMEOC), an automated high-throughput method that 
combines microscopy with DEP to measure multimodal intrinsic properties in thousands of cells.   

RESULTS
To acquire multimodal intrinsic information, we combine microscopy with dielectric characterization in a 

flow-through device (Fig. 1). The method takes images of cells, thus acquiring size, shape, and other morphological data, 
while simultaneously acquiring electrical information. Since we have multiple pieces of information from each cell, we 
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Figure 2: The DEP spring. a) The balance position, δ, is determined by competition 
between  DEP (FDEP which is ~V2 and electrical properties) and hydrodynamic 
(FHD,which is ~ Q) forces. Therefore, we can extract the electrical properties from δ. b) 
Measured balance positions of 6-m beads. c) Scaling the balance positions from b) 
according to the electrical and hydrodynamic forces causes them to collapse onto each 
other and into agreement with numerical modeling (---). 
 

 

 

 

 

 

 

 

 
Figure 3: Discrimination of live and dead cells using MultiMEOC. a) 

Introducing a mixture of live and dead HL-60 cells and switching between 

two frequencies (15 MHz and 500 kHz) (top), some cells are observed to 

have varying δ (middle) while others have constant δ (bottom). b) 

Correlating the balance position with image information (trypan blue 

staining of viability), we find that the cells with varying δ are live cells, 

whereas dead cells have constant δ.  

 

 

 

 

 

 

are able to analyze and 
cluster the intrinsic 
properties of complex 
mixtures of cells in a 
multi-dimensional space.  

To obtain the electrical 
properties of the cells, we 
developed an optical 
method of measuring the 
DEP force, which we term 
the “DEP spring”. The 
method uses a microfluidic 
channel with two coplanar 
electrodes on the channel 
bottom, placed at an angle 

to the flow (Fig. 2a).  The electrodes are 
energized with an electric field to create a 
repellant negative-DEP force barrier.  When 
a cell is pushed against this DEP barrier by 
the hydrodynamic force, the position of the 
cell relative to the barrier — the balance 
position — provides information into the 
electrical properties of the cell. The balance 
position is essentially the equilibrium 
deflection of a nonlinear spring with stiffness 
proportional to the voltage square and flow 
rate proportional to the applied force.  

To validate the DEP spring, we measured 
the balance positions of 6-m polystyrene 
beads at different flow rates and voltages (Fig. 
2b). As expected, the balance position 
increases with increasing voltage (stiffer 
spring) or decreasing flowrate (smaller 
applied force).  The balance positions all 

collapsed onto the analytical model when they 
were scaled according to the applied forces (Fig. 
2c), highlighting the quantitative nature of the 
approach.  

  We then developed an automated system 
composed of computer-controlled syringe 
pumps, function generators, and automated 
microscope that can automatically control 
flowrate, electrical conductivity, DEP force, 
and imaging parameters to measure the balance 
position of cells in different media 
conductivities and frequencies, able to acquire 
~1000 cell images/sec. The automatic control 
and multimodal information allowed 
measurement of the balance position at 
different frequencies (Fig. 3a) to distinguish 
between live and dead cells, which was verified 
simultaneously with the trypan blue stain (Fig. 

Figure 4: Resolving complex populations. a) Images of a mixture of 10-m beads, 6-m beads, neutrophils, and 

erythrocytes taken with MultiMEOC. b) Scatter plots of δ, particle area, and intensity extracted from the images. It is 

possible to distinguish the four populations using a combination of intrinsic parameters across the three scatter plots.  

c) The classified populations can be verified by gating and examining the images of particles in each gated region.  

d) Single-parameter histograms show overlap of the four sub-populations, showing that one intrinsic parameter is 

not sufficient for classification. 
 

 137



3b).  To further show the utility of obtaining 
multimodal information, we introduced a 
mixture of four particle types into the device 
(Fig. 4a). Using a combination of intensity, size, 
and electrical information, we could distinguish 
the four populations (Fig. 4b), which could be 
examined by going back to the images of the 
clustered populations (Fig. 4c).  In contrast, 
using any single parameter cannot effectively 
discriminate the populations, demonstrating the 
power of using multimodal information (Fig. 
4d).  

Finally, we used MultiMEOC for a medically 
relevant application, namely to compare 
different intrinsic approaches to separating 
activated versus unactivated immune cells.  
Immune cell activation is important in a number 
of diseases, including sepsis7, and there is 
interest in identifying and potentially separating 

activated immune cells for diagnosis or treatment.  Intrinsic identification and separation of such cells is advantageous 
because it is faster than label-based approaches and avoids artifactual activation caused by the labeling procedure.  We 
acquired multimodal information from primary human neutrophils (purified from fresh blood) in activated versus 
unactivated states (activated with phorbol-myristate-acetate).  By rapidly testing 21 different combinations of media 
conductivities and frequencies within 1 hour, we found the two cell states differ in both δ and size in media with 
conductivity 0.8 S/m and at a frequency of 6.4 MHz.  Examining balance position and size (Fig. 5a) shows that electrical 
properties are superior to size for resolving the populations, as evidenced by the highest area under the curve (AUC) of 
the receiver operator characteristic (Fig. 5b). 

CONCLUSION 

We developed MultiMEOC, an automated high-throughput cytometry system for acquiring electrical and optical 
information of single cells in flow. MultiMEOC uses a novel optical method for measuring DEP forces. Using the method, 
we characterized and discriminated live and dead HL-60 cells, complex mixtures of beads and cells, and different 
activation states of neutrophils, all by extracting multiple parameters for each particle. The multimodal information 
acquired by MultiMEOC allows study into the distributions of intrinsic properties of cells, which will in turn guide the 
design of intrinsic separation technologies.  
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Figure 5: Discrimination of neutrophil activation. a) Unactivated 

and activated (via PMA) human neutrophils were analyzed with 

MultiMEOC. Shown are scatter plots of two intrinsic properties of 

the two populations. b) The receiver operating characteristic is a 

standard approach to compare separation methods. The higher 

area-under-curve (AUC) obtained with electrical properties (via δ) 

indicates that they are better than size for distinguishing neutrophil 

activation. 
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HARNESSING ENZYMATICALLY MACHINED NANO-  
AND MICRO-SCALE SURFACE TOPOGRAPHIES FOR  

HIGH-THROUGHPUT SEPARATIONS 
  

Jen-Huang Huang, Aashish Priye, Arul Jayaraman, Victor M. Ugaz 
Department of Chemical Engineering 

Texas A&M University, College Station, TX, USA 
 
ABSTRACT 
    We show how enzymatic activity can be harnessed as a tool to fashion complex nano- and micro-scale surface 
topographies on biodegradable substrates. Coordinated patterning and machining are accomplished by manipulating 
interactions between an enzyme, substrate, and protein inhibitor. In this way, we are able to construct nanochannels, 
microchannels containing embedded features templated by the substrate’s crystalline morphology, and a 
membraneless filter capable of isolating rare cells from whole blood with throughput orders of magnitude greater 
than currently possible. In addition to enabling molecularly imprinted surface landscapes mimicking those in living 
systems to be fashioned via a straightforward process accessible in virtually any laboratory, considerable potential 
exists to exquisitely control the underlying biochemical interactions by employing enzymes and substrates with 
appropriately engineered properties.  
 
KEYWORDS 
Separations, intertial microfluidics, microfabrication, nanofabrication, cell separations.  

 
INTRODUCTION 

We have developed a microfabrication approach that harnesses biochemical interactions between an enzyme and 
a biodegradable substrate to enable localized and precisely controlled etching (Fig. 1). This bio-sculpting process 
exploits the enzymatic activity of proteinase K (PK). Etching is initiated when PK is transported from bulk solution 
to the surface of a poly(lactic acid) (PLA) substrate, after which enzyme-substrate complexation catalyzes surface 
reactions yielding low molecular weight cleavage products that subsequently become hydrolyzed and are released 
back into the bulk along with dissociated PK (Fig. 1a). When an aqueous solution of PK is directed through a 
microchannel template, the ensuing enzymatic degradation imprints a replica of the flow path into a PLA substrate 
comprising the channel floor (Fig. 1b). Characteristic etching rates of 1 –10 µm/h are achievable. These rates enable 
nanometer-size features to be easily imprinted, as illustrated by construction of a 170 nm deep channel via injection 
of a PK solution at 2 µL min–1 for 3 h at room temperature (Fig. 1c). 

 

 
Figure 1. (a) Biochemical degradation cycle between proteinase K (PK) and the PLA substrate. (b) Cross-sectional 
schematic (above) illustrating how machining is performed by directing an aqueous PK solution through a PDMS 

microchannel template bonded to a PLA sheet (bar in SEM image below, 200 µm). (c) A nanochannel (170 nm deep) 
is constructed by injecting PK into a PDMS  template (left) for 3 h at 25 °C. Machining is laterally confined within 

a ~ 4 µm-wide zone by hydrodynamic focusing of PK between co-injected streams of bovine serum albumin (2 µL 
min–1 each stream). The z-axis of the AFM profile (right) is expanded to show detail. 

 
EXPERIMENT 

Smooth planar substrates were obtained by placing pelletized PLA resin (NatureWorks, grade 3051D; Jamplast 
Inc.) directly onto glass microscope slides. A microfluidic etching template was prepared in poly(dimethyl siloxane) 
(PDMS) using soft lithography and directly adhered to the flat surface of a PLA substrate to produce enclosed 
channel networks. Aqueous solutions of proteinase K (MW = 28.9 kDa; Fisher Scientific) and bovine serum albumin 
(BSA; MW = 66.4 kDa) were prepared in 30 mM Tris-HCl bufffer (pH 8.0, BP1758; Fisher Scientific). An etchant 
concentration of [PK] = 6.92 µM (0.2 mg mL–1) was used in most experiments. A syringe pump (PHD 2000; 
Harvard Apparatus) was connected, and the entire assembly was placed inside an incubator while the etching 
solutions (enzyme, BSA, buffer) were continuously pumped though the network at 37 °C. Enclosed microchannels 
were constructed by thermally bonding the etched PLA replica to a flat PLA substrate at 80 °C for 20 min.  
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Complex cross-sectional topologies can be fashioned by establishing concentration gradients that spatially 
regulate the machining process. Feature definition is enhanced by replacing the buffer stream with a bovine serum 
albumin (BSA) solution to establish a competitive interaction that inactivates the laterally diffusing enzyme before it 
can attack the PLA. Microchannels where feature depths vary along the cross-section can be fashioned by 
sequentially changing composition and flow conditions (Fig. 2). The machined structures can be used as-is, or the 
rigid PLA can act as a re-usable mold for mass replication in PDMS. 

 

 
Figure 2. Machining is governed by a competitive interaction between enzyme, substrate, and inhibitor. (a) 

Alternating flows of PK and BSA are sequentially introduced to create microchannel profile where the depth varies 
along the cross-section. (b) Profilometery measurements of machined profiles 1 cm downstream from the inlet (black 

line; left ordinate) as a function of BSA concentration are overlaid with predicted lateral concentration profiles of 
free PK and PK-BSA complex (red and blue lines, respectively; inner right ordinate) and BSA normalized to the 

injected concentration (green line; outer right ordinate). Machining conditions: [PK] = 6.92 µM in the bulk solution, 
5 µL/min, 37°C, 16 h, [BSA]0 = 0.15 and 1.5 mM for 1 and 10 % solutions, respectively. 

 
RESULTS AND DISCUSSION 

We applied enzymatic machining to construct a new filtration architecture that uniquely overcomes the key 
limitations of previous methods investigated for size-based separations of blood cells. Our microfluidic design 
incorporates an embedded weir-like barrier oriented parallel to the flow direction and extending along the entire 
centerline length of a microchannel (Fig. 3a). This arrangement, combined with the transverse centrifugal flow 
generated within the microchannel’s curved path, creates a driving force that transports smaller-sized components 
across the barrier from the inner lane to the outer lane while larger-sized species are retained in the inner lane.  

 

  
Figure 3. (a) Filtration architecture with embedded centerline barrier (inner and outer lanes: 20 and 35 µm deep, 

centerline barrier gap: 3 µm deep, radius of curvature: 500 µm). (b) Assembled device (left) and SEM of 
microchannel cross-section (right; bar, 50 µm). (c–e) Whole blood separation data. Cell counts reveal how relative 

fractions of (c) WBCs and (d) RBCs collected at the inner and outer lanes depend on flow rate. (e) Ratio of cell 
density collected at the inner lane relative to that in the injected mixture shows that WBC enrichment increases with 
flow rate (upper limit of 1 mL/min was imposed by our syringe pump). (f–h) Separation of whole blood spiked with 
PC3 cancer cells at 1 mL/min. (f) Isolation and enrichment of PC3 cells at inner lane. (g) Cell counts show relative 

fractions of WBCs, RBCs, and PC3 cells recovered at inner lane. (h) PC3 viability is unchanged after filtration. 
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Unequal depths on each side of the weir enable further enrichment of the separated species (Fig. 3b). Exploiting 
curvature-induced forces allows the filtration barrier to be oriented parallel to the flow direction rather than 
perpendicular to it, minimizing the pressure drop and avoiding clogging. Separation occurs most efficiently at high 
flow rates because the magnitude of the curvature-induced transverse flow is maximized, making our approach 
ideally suited for high-throughput analysis. 

We first explored separation of red and white blood cells from whole blood to evaluate the effect of the applied 
flow rate. Whole blood was injected into the inner lane, and phosphate buffered saline (PBS) was co-injected into 
the outer lane at the same flow rate. Blood samples were diluted 1:5 with phosphate buffered saline (PBS) to 
minimize the viscosity mismatch between the inner and outer streams, enhancing separation efficiency by 
maximizing the transverse flow magnitude. Coulter counter analysis of the collected effluent reveals that 95% of the 
WBCs remain confined in the inner lane (Fig. 3c), whereas approximately half of the RBCs are transported across 
the barrier above a flow rate of 0.5 mL/min (Fig. 3d). WBC density in the inner lane increases with flow rate, while 
the RBC density remains relatively constant (Fig. 3e). Results are in agreement with hemacytometer-based counts. 

To demonstrate practical application of this method, we used it to separate PC3 human prostate cancer cells (20 – 
30 µm diameter) from whole blood (Fig. 3f, injected component densities were PC3: 1.43 x 106 cells/mL, WBC: 
1.22 x 106 cells/mL, RBC: 7.32 x 108 cells/mL). The PC3 spiked blood sample was injected into the inner lane at 1 
mL/min (PBS was co-injected into the outer lane at the same flow rate). Cell counts indicate that PC3 cells were 
separated with > 99% efficiency (Fig. 3g) with 1.6x enrichment upon recovery from the inner lane owing to the 
unequal depths on each side of the centerline barrier (45% of RBCs, 4 % of WBCs, and < 1 % of PC3 cells cross the 
centerline barrier to the outer lane). The enriched cells were maintained in the as-injected blood environment with no 
discernable change in viability (before filtration: 98.7 % ± 0.6 %, n = 3; after: 98.9 % ± 0.1 %, n = 3; Fig. 3h). Our 
method delivers 99.2 % ± 0.2 % (n = 3) retention of PC3 cells from spiked whole blood and 99.7 % ± 0.5 % (n = 3) 
when dispersed in PBS buffer. No additional steps are required to retrieve the separated cells, in contrast to 
conventional membrane or affinity capture. 

 The highly specific nature of enzyme-substrate interactions can also be exploited to enable direct imprinting of 
molecular-scale topologies. We explored this potential by taking advantage of the machining rate selectivity to PLA 
crystallinity to embed morphological features associated with the substrate’s crystalline domains within a fluidic 
channel (Fig. 4a). The crystalline morphology is in turn governed by thermal history (annealing time and 
temperature, cooling rate) and material properties (molecular weight, stereoisomers and their blends), permitting 
broad control over the imprinted topologies . Machining after the PLA is continuously cooled from the melt exposes 
a dendritic surface topology, whereas an array of obstacles reflecting the size and density of spherulitic crystalline 
domains emerges when PK is injected following a low-temperature anneal (70 °C for 8 h) (Fig. 4b). By controlling 
annealing time and temperature, the extent and distribution of crystallinity within the substrate can be manipulated to 
enable post-like arrays with tunable size and density to be embedded within a micro- or nano-scale fluidic channel in 
a lithography-free manner (e.g., as barrier or packing structures for filtration and chromatography).  

 

 
Figure 4. (a) Morphologically governed selectivity is made possible by differences in the rate of PK-mediated 
degradation between hydrolysis-resistant crystalline domains and amorphous regions containing condensed 

hydrophilic and catalytic terminal groups (–OH and –COOH). (b) Machining after annealing at 70 °C for 8 h 
embeds an array of post-like obstacles within the microchannel (a 3D topology is evident in the SEM image, right). 

PK was injected at 37 °C for 2 h (bars, 100 µm). 
 
In conclusion, enzymatic machining introduces an unexplored avenue to fashion molecularly imprinted surface 

features via a simple process that can be accessed in virtually any laboratory. The highly-specific nature of the 
governing interactions lays a foundation to exquisitely control the templated nano-scale morphologies. 
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ABSTRACT 

Isolation of leukocytes such as neutrophils from whole blood is an important pre-analytical step for many routine la-
boratory procedures including diagnosis of bacterial infections, accessing chemo-readiness, HLA typing, and other ge-
nomic analysis. The standard procedure for isolating leukocyte populations based on density gradient is time and labor 
intensive and requires large sample volumes. Using asymmetric patterns of the P-selectin – a physiological ligand in-
volved in cell trafficking, we demonstrate single step isolation of neutrophils from whole blood. Cells exhibiting non-
specific adhesion are not drawn out of the flowing stream, enabling a staggering leukocyte enrichment ratio of 500,000 
which is four orders of magnitude higher than other continuous-flow chip based methods. The isolated population of leu-
kocytes is enriched in neutrophils exhibiting high purity (92%) and recovery (~70%). 

KEYWORDS: Cell separation, Leukocyte rolling, Selectin 
 

INTRODUCTION 
Separation and analysis of cells based on surface markers plays an important role in biological research and clinical 

diagnosis. Existing microscale cell sorting techniques are either non-specific to antigen type, require expensive accessory 
equipment for their operation, or capture cells on adhesive surfaces and necessitate special elution procedures for reco-
vering the cells. We have recently demonstrated that transient receptor-ligand interactions that result in cell rolling [1] on 

a surface under fluid flow can be used to control the flow of 
cells on a receptor-patterned substrate [2], which paves the 
way for a new technique for label-free cell separation. By in-
corporating these asymmetric P-selectin patterns inside  mi-
crofluidic channels we demonstrated separation of HL60 
cells (expressing PSGL-1 which mediates interaction with P-
selectin) from K562 cells (does not interact with P-selectin) 
[3].  

In this paper we focus on isolation of neutrophils, which 
form the first line of defense against bacterial infection and 
an important component of the innate immune system. Neu-
trophil separation is routinely performed in clinical labs for 
detecting infection and inflammation, accessing chemo-
readiness and for genomic analysis. The conventional density 
gradient method, which is the gold standard for neutrophil 
separation, requires ~2-3 h and consumes milliliters of sam-
ples, and is not easily amenable to point-of-care applications,  
e.g. assessment of neonatal sepsis in developing countries. 
Since neutrophils exhibit avid rolling on P-selectin compared 
to other leukocytes, we hypothesized that asymmetric P-
selectin patterns could be used for sorting neutrophils. In this 
work, using our separation device [3] we demonstrate high 
purity separation of neutrophils (>92%) from whole blood in 

a single step.  The neutrophils were found to be viable and functionally unaltered after separation.   
 

EXPERIMENTAL 
A detailed description of the fabrication process in given in our earlier work [3]. Briefly, lithographically patterned 

gold-coated glass slides were cleaned and immersed in 1% PEG-trimethoxysilane (Gelest) solution overnight to passi-
vated the glass, followed by treatment with 1 mM dithio-bis-succinimidyl propionate for 2 h to functionalize the gold. 
Then the substrates were incubated with 15 μg/mL P-selectin for 1 h and stored in 1% BSA solution until used in the ex-
periments. 

 
Figure 1. (a) Schematic of the cell separation device. 
Cells are introduced from one side in a buffer flow. Roll-
ing of cells on patterned receptors causes them to sepa-
rate laterally from where they can be collected in differ-
ent channels.(b) The microfluidic device used in this 
study. 
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The flow cell was molded in PDMS using standard lithography techniques, and consisted of a serpentine channel of 
rectangular cross-section (100 µm x 1 mm) with total length of 20 cm (Figure 1b). The device was attached to the sub-
strate after alignment using vacuum, creating a reversible bond.  

Blood was collected in citrate vacutainers from consenting donors following approved IRB protocols and used within 
3 h from the time of collection. Whole blood was 
diluted (1:1) with buffer (DPBS) containing 30µM 
of Ca++ and 200U/ml of polymxinB (to prevent 
endotoxin activation) and infused parallel to a buf-
fer stream (of the same composition) at a total 
wall shear stress of 0.5 dyn/cm2. The sorted and 
waste streams were collected in separate vials. An 
antibody cocktail (CD235a, CD45, CD66, CD14) 
along with multicolor flowcytometry was used to 
determine cell lineages in the collected samples. 

 
RESULTS AND DISCUSSION 

When a stream of anticoagulated blood was 
introduced parallel to a buffer stream in 1:9 ratio 
at a wall shear stress of 0.5 dyn/cm2, we observed 
that neutrophils specifically interacted with the P-
selectin patterns, followed the edges of the 
patterns (Figure 2a), and were displaced laterally 
in a device length-dependent manner. In contrast, 
the red blood cells showed a passive spreading 
across the width of the channel, possibly due to 
cell-cell hydrodynamic interactions. The 
composition of the samples were found using a 
pan leukocyte marker (CD45) and granulocyte 
specific marker (CD66). We found that  collecting 
25% of the flow from the purified end resulted in 
a neutrophil purity of 92% (Figure 2b) with very 
little red blood cell contamination (<0.13%). The 
recovery of the neutrophil as caclulated from the 
purity values was ~70%. Tryphan blue dye 
exclusion assay confirmed that the viability of the 
sorted neutrophils were more than 97%. We also 
performed phagocytosis assays on the sorted 
neutrophils to establish functional capabilities. 
Heat-killed E. coli cells tagged with pHrodo® 
(invitorgen) were added to the sorted neutrophils 

or whole blood in excess (>1000 bacteria per neutrophil). pHrodo® is a pH sesitive dye (fluorescess only at low pH) can 
be used to simultaneously assess phagocytosis and sucessful acidification of the phagosome. We found that almost all of 
the sorted neutrophils (>98%) demonstrated successful phagocytosis at levels similar to the neutrophils in whole blood 
(Figure 2c).  

CONCLUSION 
In this paper we demonstrated high-efficiency, high-purity separation of neutrophils from whole blood by rolling on 

surfaces patterned with P-selectin in a continuous flow. To our knowledge, this method is the first report of a continuous 
separation method for neutrophils with purities comparable to existing antibody based methods. This technology can be 
easily extended to other weak adhesive ligands and should be useful as a general separation method in lab-on-a-chip and 
point-of-care devices.  
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Figure 2. (a)  Images of the different segment of the device in opera-
tion.  Neutrophils could be seen (arrows) rolling  out of the blood 
stream in the middle panel. Scale bar: 100 µm. (b) Composition of 
the input, sorted and the waste fractions after sorting of whole 
blood as analyzed via flow cytometry. (c) The sorted neutrophils 
successfully phagocytosed E.coli particles (tagged with pH sensitive 
dye pHrodo). Scale bar is 20 µm. 
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ABSTRACT 
    We synthesized tetrathiafulvalene-Au (TTF-Au) materials by using three dimentional (3D) hydrodynamic 
focusing (HF) method. The 3D HF was achieved in a single-layer microfluidic device using a novel technique called 
“microfluidic drifting”. While keeping the flow rate ratio of the reagents as constant but changing the flow rates, the 
products showed different morphologies. Narrower size distribution was shown compared to the products prepared 
by vortex mixing.  
 
KEYWORDS 
Microfluidic, Three-dimensional Hydrodynamic focusing, Shape-Controllable Synthesis 

 
INTRODUCTION 

Nano and micro- structures synthesis has attracted increasing interest because of the widely application in 
various areas, such as biotechnology, medicine, optics, electronics, and so on. [1] Materials synthesis by using 
microfluidic method has shown its advantages such as reproducibility and high yields. [2] To further improve the 
monodispersity of products, uniform mechanical, chemical conditions, and reaction time are needed. This requires 
efficient mixing and uniform flow velocity in the reaction region. Two dimensional (2D) hydrodynamic focusing 
(HF) has been utilized to improve mixing efficiency and provide a horizontally uniform environment in the reaction 
region. [3] However, the variability of the flow velocity and chemical conditions in the vertical dimension increase 
the heterogeneity of the products. Besides, the physical contact of the synthesized particles with the channel wall 
will result in cross contamination and clogging of the devices. The 3D HF method confines the reaction region to a 
small volume at the center of the channel. Therefore, it provides uniform chemical and mechanical conditions in 
both the horizontal and vertical dimensions. 

In our earlier work, we introduced a novel technique to manipulate fluid called “microfluidic drifting” to achieve 
3D HF in a simple single-layer microfluidic device. [4,5] By using this device, we synthesized TTF-Au materials of 
different morphologies. Similar products of this reaction can be fabricated via bulk mixing while changing the ratio 
between the two reagents; however, this results in a broader size distribution.  

 
EXPERIMENT 

Two reagents, 1 mM tetrathiafulvalene (TTF) and 0.27 
mM hydrogen tetrachloroaurate (HAuCl4) in acetonitrile 
(ACN) were injected by syringe pumps via the two main inlets. 
At the sides, ACN was injected as buffer, as shown in Fig. 1a. 
Table 1. shows the flow rates used in each experiment. The 3D 
HF was accomplished in a two-step sequence. Firstly, reagent 
1 was focused in the vertical direction by using the 
“microfluidic drifting” technique. At this step, due to a pair of 
counter-rotating vortices (Dean vortices) caused by the 
centrifugal effect in the 90-degree curve of the microfluidic 
channel, reagent 1 was shifted lateral to the middle plane of 
the channel. Then two horizontal focusing sheath flows (ACN 
buffer) further compressed reagents flow from both sides. 
Therefore, 3D HF is achieved with the combination of both 
steps and reagent 1 can be focused in the center of the 
microfluidic channel. [4] 

The simulation of the 3D architecture of reagent 1 was 
carried out by using the computational fluid dynamic (CFD) 
simulation (CFDACE+, ESI-CFD), and the result is shown in 
Fig. 1. From sample a) to sample e), reagent 1 was focused in 
the center of the channel. For sample f), the flow pattern was 
different from other samples, but reagent 1 was still confined 
to a small region. Since the reaction only happens at the 
interface of the two reagents, the reaction region was confined 
with uniform chemical and mechanical conditions in both 
vertical and horizontal directions. Finally, the collected 
solution was concentrated using a centrifuge and dried on a clean silicon wafer for field emission scanning electron 
microscopy (FESEM) imaging.  

 

Figure 1. The CFD simulation of the 3D 
architecture of reagent 1 with the flow conditions in 
Table. 1.  
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RESULTS AND DISCUSSION 
Fig. 2 shows the SEM images of the materials fabricated by 3D focusing method. When TTF solution is focused 

in the microfluidic channel, tube and needle shapes were observed. As the flowrate of the buffer decreases, the 
structures become smaller, and shape changes from tube to needle shape. When HAuCl4 solution is focused in the 
microfluidic channel, the synthesized materials show particle-like shape. As the buffer flow rate increases, the size of 
the particles decreases, and the morphologies showed changes following the trend from branch, flower, multi-layers 
to triangle or hexagonal shape.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       
 
 

The change of morphologies with the flow conditions in a two-dimensional (2D) focusing device was recently 
reported by J. Puigmartı´-Luis, et al. [6]. However, the mechanism is still unclear. Here we tried to explain it by 
dividing the reaction into two steps: 1. inside and 2. outside the microfluidic channel. Because reagents flow in the 
channel for a limited time (< 50 ms), the reaction continues after flowing out the channel. The concentration and 
ratio of the reagents are different in step 1 and 2. During step 1, the reagents have not been diluted by the buffer yet. 
The reaction happens at the interface of two reagents, so the ratio between the two reagents is the ratio between the 
two original concentrations. During step 2, the ratio between the two reagents is the ratio between the total amounts 
of the two reagents in the solution, which is affected by the flow rates. As the result, the flow rate of buffer controls 

# Reagent 1 Reagent 2 Buffer (ACN) 

  
flow rate 

(µl/min) 
chemical 

flow rate 

(µl/min) 
chemical 

flow rate 

(µl/min) 

a 370 HAuCl4 30 TTF 40 

b 370 HAuCl4 30 TTF 20 

c 370 TTF 30 HAuCl4 10 

d 370 TTF 30 HAuCl4 40 

e 370 TTF 30 HAuCl4 200 

f 123.3 TTF 10 HAuCl4 1000 

Table 1.  Experiment Parameters 

 

Figure 2. The SEM images of the structures fabricated 
by 3D focusing method. The scale bar size is 1 µm.  

 

Figure 3. The SEM images of the structures fabricated 
by vortex mixing. The scale bar size is 1 µm.  
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the duration time of step 1, and different duration time of step 1 leads to different morphologies. Since this 
assumption is based on the change of the reagent ratio, we should be able to reproduce similar structures by 
changing the volume ratio of the two reagents by using vortex mixing method, as shown in Fig. 3. However, 3D HF 
method showed the advantages of producing products with narrower size distribution, as shown in Fig. 4. The size 
information was calculated from particles randomly chosen from SEM images.   

 

 
 

 

CONCLUSION 
We synthesize TTF-Au structures by 3D HF using a simple single-layer microfluidic device based on 

“microfluidic drifting” technique. Different morphologies were achieved by tuning the flow rates, with smaller size 
distribution compared to conventional vortex mixing method. We believe this method can also be applied to 
synthesize micro and nano- structures of different materials, which will be widely used in diverse areas such as 
biotechnology, medicine, optics and electronics. 
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Figure 4. The size distribution of the product with 
different morphologies showed in Fig. 2 and Fig. 3.  
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ABSTRACT
In this work, we developed a new type of nanostructured photoanode for a photoelectrochemical water splitting. 

The photoanode is based on hierarchical brush Titanium dioxide (TiO2) nanostructures (BTNs), which were 
fabricated by our recently reported Glancing Angle Deposition and Oxidation (GLADOX) technique. The maximum 
incident photon-to-current efficiency (IPCE) of the BTNs photoanode was around 22% in the UV region and around 
5% in the VIS light. The integral IPCE of the BTNs measured under bias of 0.5V under UV light illumination was 
30 times higher compared to the photoanode based on TiO2 nanorods and about 200 times higher compared to the 
one based on TiO2 flat film. These results demonstrate that the brush TiO2 nanostructures is a promising material for 
effective hydrogen generation via photocatalytic water splitting.  
 
KEYWORDS
TiO2 nanostructures, Glancing Angle Deposition, photoelectrochemical water splitting, fuel cell. 

 
INTRODUCTION

Due to the wide spreading of personal electronic devices there is an increasing demand for high energy portable 
power sources. Micro fuel cells (MFC) are considered as a good candidate for this purpose, because they can provide 
much higher energy density than existing electrochemical batteries. However, the reliance of MFCs on external 
hydrogen source limits their use in portable devices.  

In response to this issue, we proposed a new concept device that combines an MFC with on-chip micro-fluidic 
system for hydrogen generation via photoelectrochemical water splitting (Fig. 1). The device consists of two parts: 
internal fuel generation and the fuel cell. The both parts are integrated in one closed system based on two 
microchannels which are bridged by the system nanochannels arrays (for efficient H+ transfer and separation). The 
fuel generation part contains an integrated TiO2 based photoanode and a Pt cathode. The fuel cell part consists of a 
composite Pt-Pd anode and a Pt cathode. The working 
principle is based on four steps:  

 

I. H2O+hv→1/2O2+2H++2e-; 
II. 2H++2e-→ H2; 
III. H2→2H++2e-; 
IV. 1/2O2+2H++2e-→ H2O, 

 

Our laboratory has already reported new critical 
findings about enhanced proton mobility [1] and high 
Laplace pressure in extended nanochannels [2], which 
enable efficient H+, O2 and H2 separation [3]. We also 
demonstrated on-chip photocatalytic water splitting 
system based on TiO2 flat film photoanode integrated 
with the separation system, in which hydrophilic 
nanochannels were used for H+ transfer and 
hydrophobic micro channels were used for gas-liquid 
separation [4]. However, the flat TiO2 films had low 
specific surface that resulted in low IPCE of about 
0.016%. The motivation of this work was to enhance 
the photocatalytic activity of our photoanode through 
the modification of the TiO2 morphology toward 
higher specific surface with higher density of catalytic 
centers and toward better response to the solar light in 
both UV and visual part of the solar spectrum.  

 
EXPERIMENT

TiO2 films of three different morphologies: flat film, nanorods (NRs) and brush nanostructures (BTNs) were 
fabricated on indium tin oxide flat films with Au interlayer (ITO/Au/ITO) on fused silica substrates. TiO2 flat film 
and TiO2 NRs were prepared directly by reactive r.f magnetron sputtering of Ti in a mixture of O2/Ar at 0.1-0.2Pa in 
normal and glancing angle deposition (GLAD) regimes, respectively (Fig.1a). The details on the GLAD method can 

Figure 1. Conceptual sketch of the proposed 
micro/nano fluidic self-recharging fuel cell device.
Figure 1. Conceptual sketch of the proposed 
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be found elsewhere [5]. The hierarchical brush 
TiO2 nanostructures (BTNs) were fabricated by 
our recently reported Glancing Angle Deposition 
and Oxidation (GLADOX) technique [5, 6]. In 
particular, 200 nm Ti layer was firstly sputtered 
on the ITO/Au/ITO/fused silica glass substrate 
in normal configuration. Then the stage position 
was switched to the GLAD regime, which 
resulted in the fabrication of well-separated Ti 
nanorods (Fig. 2(a)).The Ti nanorods were 
converted to brush TiO2 nanostructures via 
anodic oxidation in 0.3wt% solution of NH4F in 
ethylene glycol under anodization potentials of 
20V at 19⁰C (Fig.2 b). The as grown amorphous 
TiO2 flat films, nanorods and BTNs were 
transformed to crystalline Anatase by annealing 
at 450oC in oxygen atmosphere, which was 
confirmed by XRD analysis. The 
photoelectrochemical characterization was 
conducted in a three-electrode cell by using 
DY2300 potentiostat and a tunable light source provided by a 500W Xenon lamp and a grating monochromator. 

 
RESULTS AND DISCUSSION

The morphologies of TiO2 photoanodes are shown in Figure 3. The TiO2 flat film (Fig. 3a) consists of 
dense-packed grains with high surface 
roughness most probably originated from a high 
deposition rate in the transition deposition mode. 
The photoanode prepared by GLAD of TiO2 
mainly consists of individual NRs with the 
diameter of around 50-70 nm, which are 
well-separated from each other (Fig. 3b). BTNs 
of TiO2 fabricated by GLADOX consist of 
small TiO2 nanotubes arranged in shells around 
central cores (Fig. 3c). The initial Ti nanorods, 
which served as precursors for BTNs are shown 
in Fig. 3d. We performed a series of 
experiments to find conditions that control the 
conformal growth of TiO2 nanotubes on the 
walls of Ti NRs. The anodization potential of 
20V was found to promote formation of small 
NTs with the diameter of around 10-20 nm. By 
using appropriate anodization time we were 
able to precisely control the conversion ratio of 
Ti nanorods into BTNs. As a result, the highly 
porous material that consists of brush TiO2 
nanostructures with thin Ti cores was formed 
(Fig. 3c). 

We studied the photoresponse of the different photoanodes by measuring their incident photon-to-current 
efficiencies (IPCE) (Fig. 4a). The maximum IPCE (~22%) in the UV region was observed for the BTNs photoanode 
and was 30 times higher compared to photoanode based on TiO2 nanorods and about 200 times higher compared to 
the one based on TiO2 flat film. This indicates that the UV light was effectively used even on one micrometer thick 
BTNs. Beside those BTNs demonstrated an enhancement of IPCE in the visible region starting from 580nm, which 
reached the maximum value of 5% at 770 nm and resulted in the solar to hydrogen conversion efficiency of 0.45% 
with respect to the whole solar spectrum (Fig.4d). The high IPCE in the UV region is attributed not only to the high 
specific surface of BTNs, but also to their hierarchical morphology, which promote electron transfer from the 
nanotubes to the Ti cores and then to the conducting substrate. The efficient electron transfer significantly reduces 
the recombination losses and thus promotes excessive concentration of the reactive holes at the 
semiconductor/electrolyte interface, as illustrated in Fig. 4(e). In addition, the metallic Ti cores inside BTNs act as 
effective light scatterers that promote light trapping inside the photoanode. Although the origin of the enhanced 
photoresponse of the BTNs photoanode to the visual light is not clear, the most probable explanation is plasmon 
resonance absorption facilitated by Au interlayer embedded into the ITO film. The IPCE enchantment in the visual 
region can be observed for the TiO2 NRs as well, though the effect is much smaller than in the case of BNTs. This 
suggest that there is an emergent synergy between BTNs and ITO/Au/ITO that enables effective utilization of the 

Figure 2. Fabrication of TiO2 BTNs by combination of GLAD 
(a) and anodization (b).

 

Figure 3. SEM images of a TiO2 flat film (a), TiO2 NRs (b) 
and BTNs TiO2 (c) prepared by GLADOX. Ti nanostructure 
before the anodization (d).
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plasmonic effect, in which Ti cores inside the BTNs play an important role. 

 
CONCLUSIONS 
In summary, we developed a new type of nanostructured photoanode for a photoelectrochemical water splitting, 
which is based on hierarchical brush TiO2 nanostructures (BTNs). The photoanode demonstrated an excellent IPCE 
in the UV region, which was attributed to the high specific surface of BTNs, reduced recombination losses and 
effective light scattering by Ti cores inside the BTNs. In addition, BTNs photoanode demonstrated an increase of 
photocurrent in the visible region, which can be attributed to plasmon resonance absorption effect.  
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Figure.4. (a) IPCE action spectra of the TiO2 flat film, NRs and BTNs, measured at 0.5V vs Ag/AgCl. (b)
Integrated solar conversion efficiency of the photoanodes based on TiO2 flat film, NRs and BTNs by the 
integration of measured IPCE at standard AM1.5 solar illumination according to ref. [7]. (c-d) SEM cross 
section images of TiO2 NRs and BTNs. (e) Schematic representation of the electron transport in BTNs 
photoanode and illustration of the principle of light trapping.
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ABSTRACT
In this study, we presented a droplet-based microfluidic system for synthesizing three-dimensional (3D) 

graphene structure, called graphene popcorn. The droplets that were obtained by varying the flow rates and the
concentration of graphene oxide (GO) solution were incubated in the furnace for rapid evaporation, resulting in the 
reduction of the GO as well as the aggregation of GO to form the graphene popcorn. The size of the 3D graphene 
popcorn could be controlled by the flow rate of the oil phase, and the aggregation degree was tuned by the GO 
concentration.

KEYWORDS
Graphene, Graphene oxide, Graphene popcorn, Droplet, Capillary compression

INTRODUCTION
In recent years, graphene, an one-atom-thick planar sheets of sp2-bonded carbon atoms that are densely packed in 

honeycomb crystal lattice, has attracted huge attention due to its extraordinary physical, chemical, and mechanical 
properties [1]. Due to these characteristics, graphene has been widely investigated to be applied for electronics, 
energy devices, and biosensors. Although the use of the two-dimensional (2D) graphene structure is focused so far, 
the three-dimensional graphene also can find its unique application fields by utilizing the excellent properties such as 
high compression and aggregation resistance, high surface area and the pore structure. Thus, the assembly method 
for converting the 2D graphene into 3D structure is of importance, and several approached were proposed, including 
layer-by-layer assembly, vacuum centrifugation, and template-directed chemical vapor deposition/encapsulation 
[2,3]. Recently, an aerosol assisted self-assembly method was reported by Luo et al. for generating 3D graphene 
structure to be applied for energy storage and conversion devices [4]. However, the previous methodology lacks the 
precise controllability in size and morphology of the 3D structure. The droplets based on the microfluidic device 
have demonstrated the high uniformity, size controllability, fusion/division of droplets, and fast chemical reaction 
rate in the droplets. Herein, we utilized the advantages of the microfluidic droplet generator to produce 3D graphene 
structure.

EXPERIMENT
A microfluidic droplet generator was fabricated by using soft lithography and operated by a syringe pump to 

inject a GO solution and a surfactant/oil solution. The design of the chip is shown in Fig. 1. The chip consists of 
three inlet ports, an outlet port, a cross-junction region, and a passive mixer region.

Figure 1: Schematic illustrations of the droplet generator for synthesizing droplets containing a GO solution. 

Uniform droplets could be generated with an aqueous graphene oxide (GO) solution and an oil phase solution. A
water-dispersible and single-layered GO solution was prepared by a modified Hummers method and n-hexadecane 
was used as an oil phase solution. 2 mg/ml, 5 mg/ml, and 10 mg/ml concentration of GO solutions were 
encapsulated in the droplets (0.18 nL) with background of continuous oil phase (Hexadecane with 2 wt% Span-80 
surfactant). The flow rate of a GO solution was fixed at 1.0 μl/min, and that of an oil phase was changed at 10, 25,
and 50 μl/min, thereby producing different size of droplets (70, 64, 48 μm). The droplets were collected on a silicon
wafer (1.5 × 1.5 cm) and the wafer was loaded in the furnace at 800 oC with hydrogen gas. The liquid phase was 
rapidly evaporated that resulted in the aggregation of a 2D GO to form 3D structure. At the same time, the GO was 
reduced under the conditions of high temperature and hydrogen gas flow. The produced graphene popcorns were 
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detached from the silicon wafer by ultra-sonication process and purified by centrifugation for SEM analysis.

RESULTS AND DISCUSSION
The nano-sized GO sheets were synthesized by the Hummers method as shown in the left image of Fig. 2(a). The 

GO sheets in the droplets were aggregated by the capillary compression process during the evaporation in the 
furnace (right image of Fig. 2(a)). The formed 3D graphene structure displays a spherical shape with packed 
graphene sheets similar to the popcorn. In Figure 2b, X-ray photoelectron spectroscopy (XPS) data show that the GO 
sheets were almost completely reduced under the conditions of 800 oC and hydrogen gas flow. The peaks of carboxyl 
and hydroxyl groups were suppressed, while the sp2 carbon peak was shown as a majority in the reduced graphene 
popcorn. 

Figure 2: (a) SEM images of a single-layered GO and an aggregated graphene popcorn. (b) XPS spectra of the GO
and the reduced graphene popcorn.

We loaded different concentration of a GO solution (2, 5 and 10 mg/ml) to investigate the change of morphology. 
As the GO concentration increased, the degree of aggregation was enhanced, so the more densely packed graphene 
popcorn was generated (Fig. 3d-3f). However, the size of them was not significantly affected by the GO 
concentration (Fig. 3). The average diameter was 36.39 (± 6.42) μm, 39.19 (± 5.34) μm, 32.478 (± 5.37) μm when 
the used GO concentration was 2, 5, 10 mg/ml, respectively (Fig. 3g).

Figure 3: SEM images of graphene popcorns with variation of the GO concentration: (a) 2 mg/ml, (b) 5 mg/ml, (c) 
10 mg/ml. (d-f) Enlarged images of (a-c). (g) The size distribution of graphene popcorns.

These results mean that if the 3D graphene with higher surface is required, the more concentrated GO solution 
should be used. However, the size of graphene popcorn was independent of the GO concentration. It seems that the 
size controllability was dependent on the droplet size, not the graphene concentration. Thus, we hypothesized that 
we could tune the size of the graphene popcorn by controlling the droplet size. We changed the flow rate of an oil 
solution with 10 μl/min, 25 μl/min and 50 μl/min, while the flow rate of the GO solution was set to 1.0 μl/min. The 
used GO concentration was 10 mg/ml in all the cases. As the flow rate of an oil solution was increased, the diameter 
of the droplets was decreased to 70, 64, 48 μm. As a result, the size of the synthesized graphene popcorn was 
gradually reduced as the flow rate was increased (Fig. 4). The average diameter of graphene popcorns was 32.48 (±
5.37) μm, 22.78 (± 2.83) μm, 17.845 (± 2.41) μm at the flow rate of 10 μl/min, 25 μl/min and 50 μl/min,
respectively.
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Figure 4: SEM images of graphene popcorns with variation of the flow rate of an oil phase: (a) 10 μl/min, (b) 25
μl/min, (c) 50 μl/min. (d-f) Enlarged images of (a-c). (g) The size distribution of graphene popcorns.

The resultant 3D graphene on the silicon wafer was recovered by ultra-sonication process for 20 min. Then, the 
graphene popcorns was purified and concentrated by centrifugation. The 3D graphene popcorn was successfully 
obtained without structure deformation (Fig. 5). 

Figure 5: SEM image of graphene popcorns after collecting from the silicon wafer.

CONCLUSION
We have demonstrated the synthesis of the 3D graphene structure, called graphene popcorn, by using a 

microfluidic droplet generator and capillary compression during thermal evaporation. The size and morphology of 
the 3D graphene structure was controlled by the flow rate of the oil solution and the concentration of the GO 
solution. This novel structure of graphene could be applied in the fields of polymer composites, biosensors, and 
catalyst supports.
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ABSTRACT 

The achievable separation performance of a 9 cm long pillar array channel containing 5 µm diameter silicon 
pillars (spacing 2.5 µm) cladded with a meso-porous silica layer with a thickness of 300 nm was investigated, 
interfacing the chip to a capillary LC instrument. The overall performance was evaluated by conducting gradient 
elution separations of digests of cytochrome c and bovine serum albumin. Peak capacities of up to 150 could be 
demonstrated. 
 
KEYWORDS 
Pillar array column, protein digest separation, porous layer integration, capillary LC, chip chromatography. 

 
INTRODUCTION 

A reduction of the critical dimensions of a flow device using microfabrication technology can result in improved 
chemical or analytical functions. For the specific case of liquid chromatography, the ability to create a packing with 
a high degree of order and a small flow resistance opens the road to produce highly permeable columns that are 
nearly completely devoid of the eddy-dispersion compromising the separation performance of the conventionally 
used packed bed columns. [1] The introduction of polymer and silica monolithic columns nearly two decades ago 
created an enormous momentum to develop novel packing structure for HPLC. With their high permeability and 
easy integration into longer columns, monoliths were identified as highly suitable columns to perform 
high-efficiency separations.  

An important bottleneck of pillar array columns is their limited specific surface. [2] Attempting to mimic the 
traditional porous silica particles, with their well characterized and widely applied coating protocols, a sol-gel based 
deposition in the presence of pillars is an interesting approach. Coating at high values of domain size/inter-pillar 
distance, pillars can be uniformly coated with a meso-porous shell. [3]      
 
EXPERIMENTAL 

The pillar-array channel was lithographically patterned followed by dry etching steps to etch pillar (15.2 µm) and 
capillary fixation channels (130 µm), with 200 nm SiO2 used as a hard mask, followed by anodic bonding to a 0.5 
mm Pyrex substrate. Figure 1 shows an overall picture of the chip (before applying the porous-shell layer) and the 
connection tubing (Figure 1a), as well as some SEM pictures of one of the turns connecting two adjacent separation 
lanes (Figure 1b and 1c). These turns consist of a narrow connection channel of 10 µm (to minimize the volume of 
the turn), proceded and preceded by a flow distributor generally consisting of 5 µm × 63 µm diamond features, 
stretched perpendicular to the flow direction (spacing 2.3 µm). The aspect ratio of the transversally stretched pillars 
grows from around unity close to the separation bed to about a factor of 12 at the other end of the distributor. 
 
 
 
 
 
 
 
 
 

 

 

 
 

Figure 1 Optical picture of pillar array column containing three separation lanes of each 3 cm (depth 15.2 µm), the 
connection capillaries and the fittings, (1) is the pillar region, (2) is the distributor region, and (3) is a 10 µm wide 
turn channel b) overview (SEM) of pillar channel, distributor and turn channel c) close-up (SEM) of the flow 
distributor containing transition structures towards diamond pillars. 

Capillaries (108 µm OD, 40 µm ID) were inserted in the grooves that appear after dicing and sealed by epoxy 
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glue. A mixture of PEG (0.4 g), urea (1 g) and acetic acid (0.01 M, 10 ml) was inserted in the chip at 40 °C for 24 h 
leading to a confined spinodal decomposition. To create mesopores, the wet gel was heated in the oven at a rate of 
1 °C per minute and left at 110 °C for 4 h, followed by pyrolysis step at 350 °C for 72 h.  

Finally a 5 % C8 solution in toluene was flushed through the chip (2 d) to generate the reversed phase stationary 
phase. Separation experiments were performed with a capillary HPLC instrument (Dionex ultimate 3000). 
 
RESULTS 

The coating process for the applied pillar design, lead to a uniform coating along the entire channel length, see 
Figure 2 for a selected pillar region. One of the drawbacks mentioned by Detobel et al. was the occurrence of small 
pieces of monolith at the supply channels and around the injection zone. [3] At these relatively large channel 
dimensions, the small domain criterion required to obtain a conformal coating is not met, resulting in uncontrolled 
(and nonconformal) silica deposition. In the current design, these zones are omitted as the injection occurs off-chip 
and the supply capillary channels extend to the channel inlet and outlet. To avoid uncontrolled deposition in the 
connection capillaries, they were glued only at the border of the chip, so that after the cladding procedure, the 
capillary could be removed and replaced by a fresh one. 

To enhance the detection sensitivity, large sample volumes (order of 1 µl) were loaded onto the column, by 
focusing the injected sample on the head of the column at the start of the gradient using initially a large water 
fraction. With the measured etch depth of 15.2 µm and a total channel width of 1 mm and the external porosity of 
46%, the volume of the PAC channel equals about 0.6 µl (neglecting the internal pore volume), with the cross 
section corresponding to a cylindrical capillary with a diameter of 139 µm.  

Using a 1 µl injection loop and a total of 45 cm connection tubing with 40 µm id, the system volume before the 
column can be estimated to be about 1.6 µl; the system volume after the column can be estimated to be 0.6 µl (25 cm 
connection tubing with 40 µm id glued to the chip, connected with a zero dead volume connection to 35 cm 
connection tubing with 20 µm id running through the UV-Vis flow cell). Due to the expected focusing of the analytes 
on top of the column, it is only the after-column volume that can be expected to contribute to the system band 
broadening. 

 
 

 

 

 

 

 
 

Figure 2. (a) Cross section (SEM) of the channel (b) zoom-in of porous layer at a cross section of pillar after 
cleaving the pillar. The layer thickness of the layer on the pillar mantle is on the order of 300 nm. 

In Figure 3, a chromatogram of an albumin digest separation with excellent peak shapes is depicted. The peak 
shapes are very good and no fronting or tailing peaks are observed, indicating the absence of severe sidewall effects. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.  Albumin digest separations (0 to 50 % B in 30 min), sample: 1 µl, injected mass 1 µg, 4 µl/min, A: water 
(0.05 % TFA), B: 50/50 AN/H20 (0.04 % TFA), 30 °C, 210 nm. The chromatogram spans 25 min.  

The reproducibility was also studied by performing 25 gradient separations under identical conditions (Figure 4), 
resulting in retention time-based RSD values on the order of 5 %.  
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Figure 4. Repeated experiments (cytochrome c digest), 30 °C, A: water (0.05 % TFA), B: 50/50 AN/H20 (0.04 % 
TFA), 0-70 % B (7.5 min), 70-100 % B (0.1 min), 100 % B (2 min); 100-0% B (0.1 min), sample: 1 µl, injected mass 
1 pmol, flow rate=4 µl/min. RSD’s (n=25): (1) 5.4 % , (2) 4.8 %, (8) 4.8 %, (9) 4.3 % . The chromatogram spans 15 
min.  

The peak capacity was measured for a wide range of gradient times and flow rates (Figure 5), which is apparently 
hardly affected by the flow rate at identical gradient times. Peak capacities as high as 150 were obtained, which is an 
excellent performance, given the limited channel length (9 cm).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Peak capacities of cytochrome c digest (based on the average of peak 1, 2, 8 and 9) at 1, 2, 3 and 4 µl min 
in function of the gradient time. 

Comparing this to an extrapolated performance based n a 5 cm × 0.1 mm fused core-particle column (2.7 µm, 
C18, Advanced Materials Technologies, Wilmington, USA), a stationary phase which is more comparable to the 
silica cladded pillars, operated at 60°C and with similar gradient times, where a peak capacity of Pc approximately 
100 was obtained, the obtained result in the current study is similar. [4] Taking into account that the pillars used in 
the present study (after deposition of the porous layer) are as large as 5.6 µm (spacing 1.9 µm) and that the 
separations in the present study were conducted at room temperature, the obtained peak capacities are very 
satisfactory. 
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ABSTRACT 

We present a novel method for coupling rapid isotachophoresis (ITP)-based DNA hybridization with post-reaction 
electrophoretic separation via bidirectional ITP. Our method leverages physicochemical changes associated with the in-
teraction of anionic and cationic ITP shock waves in bidirectional ITP to rapidly and automatically trigger CZE from ITP. 
We demonstrate the speed and sensitivity of our assay by detecting 5 pM, 39 nt ssDNA target within 3 min, using a mo-
lecular beacon probe. We also demonstrate the feasibility of our assay as a rapid alternative to southern-blotting by simul-
taneously detecting 39 and 90 nt ssDNA targets. 
 
KEYWORDS 
DNA hybridization, isotachophoresis, capillary zone electrophoresis, multiplexed detection 

 
INTRODUCTION 

DNA hybridization is essential to a variety of fields, including mutation analysis, single nucleotide polymorphism 
(SNP) genotyping and pathogen detection. However, slow, second-order hybridization kinetics at low concentrations of 
DNA samples often results in long analysis times, limiting assay speed and applicability. One way of accelerating DNA 
hybridization is through isotachophoresis (ITP), wherein nucleic acid fragments preconcentrate, mix and react within a 
small (order 10 pL) reaction volume inside a microchannel.[1,2] Persat et al.[1] applied ITP-hybridization to the profiling 
of micro-RNA using a molecular beacon (MB) probe; a DNA probe whose fluorescence increases upon hybridization to 
its target. Bercovici et al.[2] developed and experimentally validated an analytical model for the physicochemical process 
that governs ITP-hybridization. 

Here, we present a method of extending the functionality of ITP-based hybridization by integrating it with post-
hybridization capillary zone electrophoresis (CZE). Electrophoretic separation of products of the ITP hybridization reac-
tion provides a method of removing the background signals associated with unreacted labeled probes and enables multi-
plexed detection of multiple length DNA fragments. We note that CZE has been used previously for removal of back-
ground signal from the products of hybridization reaction between a synthetic oligonucleotide and a fluorescently labeled 
probe.[3] However, such studies involved slow (over 40 min), offline/off-chip hybridization of relatively high (order µM) 
concentration probe and target. Also, previous studies on CZE detection of DNA hybridization reaction products involved 
manual loading of reaction products into an electrophoresis setup. 

In the current work, we use bidirectional ITP to couple ITP based DNA hybridization and CZE separation of hybridi-
zation products. Bidirectional ITP[4] is itself a newly developed process where we set up two ITP interfaces between cat-
ions and anions respectively from opposite ends of a microchannel such that these ion-concentration shock waves ap-
proach each other and interact. This interaction triggers a rapid transition from ITP to CZE. Our bidirectional ITP based 
technique enables sensitive sequence-specific detection of multiple length DNA fragments, and provides a rapid and au-
tomated alternative to Southern blotting.[5] 

THEORY 
Isotachophoresis (ITP) is an electrophoresis technique which focuses analytes between zones of high effective mobili-

ty leading electrolyte (LE) ions and low effective mobility trailing electrolyte (TE) ions if the mobilities of LE and TE 
ions bracket those of analytes.[6] In the current work, we use bidirectional ITP, which involves simultaneous anionic and 
cationic ITP processes in a single channel. Therefore, our experiments require two oppositely charged pairs of LE and TE 
ions. Here we term these ions LE+, TE+, LE-, and TE-. LE and TE denote the leading and trailing electrolyte ions, re-
spectively, and + and – correspond to cations and anions, respectively. Figure 1 shows a schematic of our technique. We 
first fill the microfluidic channel with a mixture of LE- and LE+ ions. We fill the right (anodic) reservoir with the LE-
/TE+ mixture, and similarly the left (cathodic) reservoir with a mixture of LE+, TE-, ssDNA target and the molecular 
beacon probe. When electric field is applied along the channel (Fig.  1b), the target and the probe mix, focus, and react at 
the interface of LE- and TE- zones while propagating rightwards. Simultaneously, a cationic ITP shock forms between 
LE+ and TE+ zones near the right reservoir, and propagates leftwards. Anionic ITP preconcentration of target and probe 
results in rapid hybridization and corresponding increase in fluorescence signal. Later, when the anionic and the cationic 
ITP shocks interact (Fig. 1c), LE+ is replaced with TE+ as the counter-ion for anionic ITP. This counter-ion exchange 
decreases the local pH of anionic ITP zones to a value at which effective mobility of LE- becomes significantly lower 
than the mobilities of all DNA fragments. Thus, shock wave interaction causes target, probe, and target-probe hybrid to 
migrate into the LE- zone, triggering electrophoretic separation of the hybridization products and unreacted species. The 
separation removes background signal associated with unreacted MB probes, and makes possible hybridizations between 
a probe and multiple targets.  
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Figure 1: Schematic illustrating preconcentration and hybridization of DNA followed by electrophoretic separation us-
ing bidirectional ITP. (a) The microchannel is initially filled with LE-/LE+ mixture. The left (cathodic) reservoir is filled 
with a mixture of TE-, LE+, ssDNA target, and probe. The right (anodic) reservoir is filled with the LE-/TE+ mixture. (b) 
When voltage is applied, anionic and cationic ITP interfaces form, respectively, at the cathodic and anodic ends of the 
channel and propagate towards each other. Probe and target preconcentrate and hybridize in anionic ITP. (c) Within 
about 2 minutes of ITP-driven hybridization, the cationic ITP interface interacts with focused hybridization products, 
and triggers CZE separation. The resulting electropherogram shows peaks corresponding to the fluorescent unreacted 
probe and the target-probe hybrid.

 
MATERIALS AND METHODS 

We demonstrated our method using a Cy5 labeled 39 nt molecular beacon probe and two synthetic unlabelled ssDNA 
targets (39 and 90 nt). For all experiments, we used the following electrolyte concentrations: 150 mM sodium bicarbonate 
for the LE+/LE- mixture; 10 mM sodium hydroxide and 34 mM Hepes for the LE+/TE- mixture; and 100 mM pyridine 
and 50 mM hydrochloric acid for the TE+/LE- mixture. To the LE+/LE- mixture, we added 1% w/w of hydroxyl ethyl 
cellulose (HEC) to serve as a sieving matrix for DNA separations. We also added 1% w/w polyvinylpyrrolidone (PVP) to 
all electrolyte solutions to suppress electroosmotic flow. We performed all experiments on an inverted epifluorescent mi-
croscope (IX70, Olympus, Hauppauge, NY) equipped with a Cy5 filter-cube (Cy5-4040A, Semrock, Rochester, NY). For 
all experiments, 1 kV was applied from a high voltage sourcemeter (model 2410, Keithley Instruments, Cleveland, OH, 
USA). We recorded fluorescence intensity using either a CCD camera (Figure 2) or a photomultiplier tube module (Fig-
ure 3).  
 
EXPERIMENTS 

Figure 2 shows representative spatiotemporal plots of the experimentally measured fluorescence intensity in the chan-
nel (scalar) versus distance along the channel (abscissa) and time (ordinate). Prior to the interaction of anionic and cation-
ic ITP shocks (t < 10 s), the ssDNA target and MB probe mix, focus, and hybridize in a narrow anionic ITP zone travel-
ing at constant velocity (Figure 2a). At about t = 10 s, focused ssDNA target and MB probe interact with a counter-
migrating cationic ITP front, and within less than 1 s previously focused analytes begin to separate in CZE mode. Fig-
ure 2b shows separation of the unreacted probe and the target-probe hybrid at later times. The separated zones diffuse and 
move further apart over time as in CZE.  

 
 

Figure 2: Visualization of ITP-based DNA hybridization and post-hybridization separation of reaction products. Spatio-
temporal plots showing the intensity of fluorescent probe in channel versus the distance along the channel axis, x, and 
time, t. (a) Initially (t  < 10 s) ssDNA target and molecular beacon probe mix, focus, and hybridize in anionic ITP. At 
x = 23 mm and t = 10 s, a counter-migrating cationic ITP interface interacts with the focused analyte zones, triggering 
CZE separation. (b) shows resolved peaks of fluorescent hybrid and unreacted probe in the CZE mode. Axial distance 
was measured from the left well, and time was measured from the start of data recording.  
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In Figure 3, we present experimental results for multiplexed detection of 39 and 90 nt targets. Here, post-hybridization 
CZE makes separation not only between the unreacted probes and hybrids, but also between the two hybrids bound with 
different length targets. The negative control (Fig. 3a) shows a single peak corresponding to probe in the absence of target. 
When two untagged target fragments are added, the electropherogram shows two additional peaks, indicating successful 
detection of each target (Fig. 3c-d).  

Figure 3: Multiplexed sequence-specific detection of 39 nt and 90 nt DNA targets,
both having a 27 nt sequence complementary to the molecular beacon probe. Plots 
show fluorescent intensity of unreacted probe (P) and target-probe hybrids (T39 and 
T90) during CZE separation. For all experiments, probe concentration was fixed at 1 
nM. (a) Negative control signal of 1 nM probe. (b) When 200 pM of 90 nt target is 
mixed with the probe, the second peak corresponding to the 90 nt target-probe hybrid 
appears. (c) Addition of 39 nt and 90 nt target, respectively, at 100 and 200 pM con-
centrations, yields the three peaks. (d) We identified the peaks by observing variations 
in peak intensity upon changing the initial concentration of 39 nt and 90 nt targets to 
50 and 400 pM respectively. For these experiments, we first performed unidirectional 
anionic ITP for 40 s to ensure enough time for probes and target to hybridize, and 
subsequently initiated bidirectional ITP. The abscissa shows the total analysis time, 
including anionic and bidirectional ITP steps. For all cases, we applied 1 kV voltage.
Electrolyte chemistry is provided in the Materials and Methods section.

Lastly, we demonstrated rapid and high sensitivity sequence-specific detection of 39 nt target. Figure 4 shows magni-
tudes of the target-probe hybrid peak (after subtracting the background signal from unreacted probe) for target concentra-
tions ranging from 5 to 30 pM and a fixed 200 pM concentration of MB probe. Because the probe concentration is signif-
icantly higher than the target concentrations in our experiments, DNA hybridization obeys pseudo-first order kinetics. As 
a result, magnitude of target-probe hybrid peak increases linearly with the target concentration. The total assay time in-
cluding hybridization and separation was less than 3 min for all experiments. As shown in Figure 4, limit of detection for 
our assay is 5 pM, which is a 20-fold improvement over the previous ITP-hybridization assays. [1-2] 

 
Figure 4: Titration curve obtained from fluorescent inten-
sity measurements of target-probe hybrid while changing 
the initial target concentration from 5 to 30 pM. Probe 
concentration was fixed at 200 pM. A linear fit (passing 
through the origin) to the experimental data yields R2 value 
of 0.95. Inset shows a representative signal measured dur-
ing CZE step for the case of 30 pM initial target concentra-
tion. The signal (black line) shows two peaks correspond-
ing to the unreacted probe (P) and the target-probe hybrid 
(P+T). To extract the peak intensity of hybrid zone, h, we 
first scaled and time-shifted the negative control signal 
(grey line) to match the peak intensity of unreacted probe 
peak in the signal. We then extracted the difference be-
tween the peak heights of signal and adjusted-negative 
control as the measure of peak intensity of target-probe 
hybrid.  
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ABSTRACT
We report here for the first time a new open-microchannel architecture for rapid protein electrophoresis. Owing to its 

open architecture, this technology is optimized for interfacing with automated robotic controllers and downstream processing 
(e.g., sample spotters, immunological probing, mass spectroscopy). We show the design, fabrication and initial feasibility 
testing of an open-microchannel array with favorable attributes for up-scaling into high-throughput electrophoretic separa-
tions. This multiplexed open-channel platform is uniquely well-suited for massively parallelized proteomics, a major unreal-
ized goal from bioanalytical technology. 

KEYWORDS: open-channel microfluidics, polyacrylamide gel, protein electrophoresis, moving boundary electrophoresis, 
photo-polymerization, free-standing microchannel 

INTRODUCTION
Microfluidic technologies have largely been realized within enclosed microchannels. While powerful, a principle limita-

tion of closed-channel microfluidics is the difficulty for sample extraction and downstream processing. While digital micro-
fluidics (e.g., EWOD) has remedied this for discrete droplet reactors [1], such advances have been attempted [2] but have 
had limited success in separation science. Departing from enclosed microchannels [3], we demonstrate moving boundary 
electrophoresis (MBE) in a free-standing polyacrylamide gel microchannel-array as a powerful protein separation medium. 
We introduce a mask-based photolithographic method for parallel device fabrication atop a glass microscope (Figure 1). This 
microfluidic platform is realized simply, avoiding cumbersome micro-fabrication steps (drilling, etching, or bonding), and 
from materials that are already abundant in many labs. In addition, semi-dry polyacrylamide gel electrophoresis is a proce-
dure that is already commonly implemented in life science labs. All together these factors improve the potential for free-
standing polyacrylamide gel microchannels to be adopted by life science labs conducting proteomics research. 

EXPERIMENTAL 
Free-standing polyacrylamide gel microchannels are fabricated as follows. A gel precursor solution confined between the 

slide and a support wafer is polymerized with UV light through a photomask (Figure 1A, B). After a 200 second exposure, 
the desired micropattern polymerizes, excess precursor is removed and the devices are soaked in 10% glycerol. Next, the mi-
croarray is dried in ambient conditions and can be stored indefinitely in its dehydrated state [4]. Microdevices are rehydrated 
in any aqueous buffer of interest and ready for experimentation in minutes. 

Figure 1:  Free-standing polyacrylamide gel microchannels are fabricated using a (A) mask based photolithography tech-
nique. A reservoir of gel precursor is contained above a methacrylate functionalized coverslip. The desired micropattern is 
defined by a photo-mask, which determines the portions of the reservoir that are polymerized by a UV light source. Our de-
sign (B) consists of a single channel connecting two fluid reservoirs. (C) Optical profilometry shows a well-defined free-
standing hydrogel with dimensions and uniformity appropriate for supporting electrokinetic protein separations. (D) Using 
this technique, free-standing polyacrylamide microchannel arrays are fabricated in parallel atop a glass surface.

D
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RESULTS AND DISCUSSION 
Application of protein sample and a driving electric field results in the MBE separation of fluorescently labeled proteins 

along the open separation-channel (Figure 2A).  In MBE the moving boundaries of analytes are analyzed as opposed to discrete 
zones [3]. Elimination of an injection channel allows for greater device density and multiplexing. Figure 2B shows a baseline 
separated protein ladder in the first 250µm of the free-standing separation channel (false color) at 130s after the potential was 
applied; a 2.7x reduction in separation length in comparison to the closed-microchannel analog [3]. Figure 2C displays the corre-
sponding intensity profile and the spatial derivative of the intensity, dI/dx, which yields clear identification of analyte fronts. 

Separation resolution between proteins improves with time and location (Figure 3), as expected, and crosses the critical 
‘baseline resolved’ resolution metric (SR, mean difference between peaks normalized by peak width, a separation is complete 
when SR > 1) in less than one minute as compared to hours for a conventional benchtop slab-gel separation. 

 
 

 
Figure 2:  A free-standing hydrogel acts as both the microchannel and sieving matrix for a native MBE protein separation 
(A). A 250 nM fluorescently labeled protein ladder consisting of Trypsin Inhibitor (TI), Ovalbumin (OVA) and Bovine Serum 
Albumin (BSA) is captured in an epi-fluorescence image. (B) A false color image of the first 250µm of the separation chan-
nel at 130s clearly shows well separated proteins. (C) The corresponding intensity profile and derivative (dI/dx) are over-
laid. 

 
CONCLUSION 

We report on a new platform for open-channel microfluidics. Free standing polyacrylamide gel microchannels enable 
rapid protein separations in a small device footprint and a format compatible with upstream robotic handling, post-separation 
processing, all of which are important factors for up-scaling into a massively multiplexed proteomics system. Our new sepa-
ration paradigm advances proteomics towards the performance demanded by biomarker studies, as well as systems and syn-
thetic biology. 
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Figure 3: The time evolution of the native protein separation from Figure 2 is displayed (B) by vertically staggering the de-
rivative (dI/dx) from 10 s to 150 s. (B) SR is plotted for each protein. The separation is completed in 50 s and 150 µm yield-
ing an ultra-fast, short-separation distance assay. 
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ABSTRACT 

The ability to identify interactions between proteins is critical to understanding cellular processes.  However, many 
of the complexes are transitory in nature, with half-lives of seconds or less.  While important, these complexes are 
difficult to isolate as washing-based co-immunoprecipitation often results in inadvertent dissociation.  Here, we present a 
technology for isolating complexes in a nearly instantaneous manner. Complexes are bound to paramagnetic particles 
(PMPs) and drawn through a barrier of immiscible liquid, thus purifying the complex from the bulk sample in a single 
step.  Using model system, we have demonstrated the benefit of this method over traditional protocols. 

KEYWORD 

Isolation, Immunoprecipitation, Microfluidics, Multi-Phase, Protein Complexes 

INTRODUCTION 

Cellular pathways are mediated through the interactions between biomolecules, including proteins and nucleic acids.  
While some of these complexes are stable, many critical interactions are rapid or transitory in nature.  The ability to 
manipulate these transitory protein complexes (e.g. enzymatic reactions, transcriptional factor activation) is critical for 
understanding cellular behavior and discovering drug targets.  Unfortunately, current co-immunoprecipitation (co-IP) 
techniques to isolate intact complexes are inadequate.  Typical IP protocols capture target complexes on a solid resin, 
then repeatedly wash the resin to remove unbound material and contaminants.  This type of “dilutive” isolation exposes 
the complex to several wash buffers containing no protein, thus pushing the complex equilibrium toward dissociation 
(Figure 1). Dissociation is further promoted by the long protocol times (t ! 10 minutes).  Current co-IP protocols 
promote dissociation of transitory or weakly bound complexes. 

 
Figure 1 – Conventional co-IP protocol.   An empty IP column with antibody (1) is loaded with lysate (2) and the 
complex of interest is captured.  Unbound protein is washed away, but washing dissociates target complex binding 
partner (the protein not bound via antibody) (3), reducing yield in eluent (4). 

EXPERIMENT 

Here, we present a microfluidic co-IP process that leverages Immiscible Filtration Assisted by Surface Tension 
(IFAST) (previously reported for other applications [1, 2]) to isolate protein complexes in a nearly instantaneous manner, 
such that intact transitory protein complexes can be isolated.  In this process, protein complexes are bound to 
paramagnetic particles (PMPs) via antibodies.  Next, the PMP-bound complex is pulled across an oil barrier to 
effectively isolate it from the remainder of the sample.  As the PMP/protein aggregate crosses the interface between the 
lysate and oil, the hydrophilic PMPs collapse into a tightly packed cluster that excludes all aqueous lysate except for a 
small interstitial volume (V ! 10 nL).  This cluster, which forms in the instant that the PMPs cross the interface, contains 
all the complex protein and is then drawn into another aqueous solution for analysis (Figure 2).  Because the process is 
nearly instantaneous and the sample is never diluted, complex equilibrium is never disturbed and dissociation is 
mitigated.  Furthermore, microfluidics-derived physics (i.e., the dominance of surface tension over gravity) are employed 
to configure the device in a single plane, such that arrayed, high-throughput operation is enabled. 

2) Add Lysate1) Empty IP
  Column

3) Wash Column 4) Elute Protein
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Figure 2 – IFAST co-IP protocol.  An IFAST device is loaded with lysate and PMPs that capture complex of interest (1).  
A magnet is used to draw PMP-bound complex across oil barrier (2).  The hydrophilic PMPs cluster to exclude aqueous 
carryover (inset) with efficiency equal to several conventional washes.  The target complex is eluted in the IFAST 
output; significantly more binding partner is recovered since isolation is non-dilutive. 

To quantify the ability of the IFAST to remove background contaminants, fluorescein dye was spiked into samples 
that were loaded into IFAST devices and operated.  Following operation, the quantity of fluorescein dye that had been 
carried through the oil barrier was measured using a fluorescent scanner (Typhoon Trio, GE).  It was determined that a 
single pass through an IFAST oil barrier inadvertently transferred ~1% of the background dye to the output of the device 
(Figure 3A).  To obtain higher purity, PMPs were drawn through two oil barriers in series with a “wash” positioned 
between the two barriers (Figure 3B).  Using this 2 barrier IFAST, ~99.8% of the background dye was excluded.  As a 
comparison, “conventional” washes were performed on the fluorescein samples in which the PMPs were drawn to the 
side of the tube, such that the supernatant could be removed and replaced with fresh buffer.  It was determined that a pass 
through a single IFAST oil barrier was equivalent to ~2 washes while passage through a 2 barrier device resulted in the 
removal of background associated with ~4 conventional washes.  

Figure 3 – A) Fluorescein dye was spiked into samples that were purified with either conventional washing or with 
IFAST.  The level of the fluorescein remaining after purification is indicative of the level of “background” that will be 
present following the purification protocol.  It was found that a single oil barrier removed 98.7% of background while 
two oil barriers removed 99.8% of background.  B) An array of 8 IFAST devices that each have two oil barriers with a 
“wash” buffer between the barriers.   

To characterize our system, we used a previously reported antibody / fluorescent epitope system [3] that has a 
“tunable” affinity.  In strong binding conditions (no salt), little difference was seen between the IFAST method and a 
conventional, washing-based co-IP protocol.  However, in weak binding conditions (high salt), IFAST was able to 
recover significantly more fluorescent epitope than the conventional protocol (Figure 4A).  In addition, we were able to 
isolate biologically relevant complexes that are “weak but known” (i.e., interactions that are suspected based on other 
data, but difficult to isolate using conventional co-IP).  One such interaction is difficult-to-isolate SUMO ligase involved 
in the NFkB pathway [4] (NEMO-PIASy) (Figure 4B).  By comparison, attempts to isolate this complex using 
conventional washing-based co-IP resulted in no detectable complex.  Two strong complexes (NEMO-IKK! and 
NEMO-IKK") are also shown in Figure 4B to demonstrate that similar results are obtained by conventional and IFAST 
processes for very stable complexes.  Lastly, we demonstrated an on-chip fluorescent readout to fully leverage the 
streamlined nature of the IFAST technology (Figure 4C).  In this experiment, complexes were tagged with fluorescent 
antibodies and fluorescence was measured directly in the IFAST device output following isolation. 
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Figure 4 – A) As binding affinity is reduced (by increasing AS concentration) in a tunable fluorescent epitope system [3], 
IFAST recovers increasingly more target protein than conventional washing-based protocol, illustrating utility of IFAST 
for isolating weakly bound complexes.  B) Co-IP of two strong complexes (NEMO-IKKα and NEMO-IKKβ) showed 
little difference between IFAST and conventional protocol.  Co-IP of weak complex (NEMO-PIASy) showed significant 
advantage for IFAST.  A NEMO mutant (R62A) does not complex with PIASy, again showing specificity of IFAST. C) 
NEMO was fluorescently labeled while binding partners (IKKα, IKKβ, PIASy) were attached to PMP via antibodies.  
Intact complex was quantified by fluorescent measurement directly in IFAST. 

In summary, we developed an IFAST-based co-IP technology to isolate transitory protein complexes, thus enabling 
the study of biologically important interactions that were difficult or impossible to isolate with conventional co-IP 
protocols. 
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ABSTRACT 

This paper reports building an experimental model of an “RNA world” protocell using droplet-based 
microfluidics. The model protocell is much closer to a prebiotic form of life rather than previously reported synthetic 
cell models [1-3], since it does not contain a complicated cell-free protein expression system. Experimental 
evolution of this simple model protocell is a powerful model to investigate the role of compartmentalization in early 
biology. This study experimentally demonstrates that proto-cellular compartments are essential for early life-system 
evolution.  
 
KEYWORDS 
Model protocell, RNA world, Evolution, Compartmentalization, Droplet-based microfluidics.  
 
INTRODUCTION 

Why is the minimal unit of life a cell? This is one of the most fundamental questions in biology. Several 
theoretical approaches proposed that the cellular compartment was essential for reproduction and evolution of early 
life. A primitive form of life supposes to be composed of several replicating functional polymers (e.g. RNA) which 
have catalytic activities in metabolism. If the molecules are not compartmentalized, Darwinian selection works only 
based on replicability of each molecule. Consequently, parasitic molecules dominate the environment and finally 
other less-replicable molecules will be exterminated. In other words, selfish molecules exploit other functional 
altruistic molecules, and the system will collapse. However, if the molecules are compartmentalized in a protocell, 
the level of selection is shifted from a molecule to a protocell, as a result the protocells dominated by parasites are 
driven out and functional cooperation of molecules is maintained.  

To investigate the role of compartmentalization and verify this hypothesis experimentally, we built an “RNA 
world” model protocell with water-in-oil (w/o) emulsion, using droplet-based microfluidic technology (Figure 1). In 
this model protocell, a ribozyme (catalytic RNA) replicates as a genetic molecule, which concurrently generates 
fluorescence as a result of its catalytic activity (phenotype). After the ribozyme replication, the phenotypically active 
protocells can be selected using a droplet sorting microfluidic device.  
 
EXPERIMENTAL 

Development of the biological system inside droplets is mentioned in the main text. The substrate RNA of the 
ribozyme is conjugated to Alexa Fluor 594 fluorophore and BHQ-2 quencher. Microfluidic chips were fabricated by 
patterning channels in poly(dimethylsiloxane) (PDMS) using conventional soft lithography methods [4] as described 
previously [5] to produce droplet size of 12 pL. The oil phase consisted of HFE-7500 (3M) fluorinated oil containing 
2% (w/w) of EA surfactant (RainDance Technologies, Lexington, MA), a PEG-PFPE amphiphilic block copolymer 
[6]. Droplets were generated by flow-focusing [7]. The produced emulsions were collected in a home-made glass 
capillary [8] and incubated at 37°C. The incubated droplets were reinjected into a sorting device [9] and sorted 
depending on fluorescence measured using a previously described optical set-up [5].  
 
RESULTS AND DISCUSSION 

First, we developed a “replicator” ribozyme that is composed of two RNA domains, the replication domain and 
the catalytic domain (Figure 1A). It can replicate in vitro in the presence of a viral RNA replicase (Q replicase) due 
to the replication domain, but also has a catalytic activity (RNA cleavage activity) which is unrelated to the 
replication ability. The catalytic activity generates a fluorescent product. Next, the ribozyme, its substrate, and 
replicase were put into highly monodisperse water-in-oil emulsion droplets that function as analogues of 
proto-cellular compartments using a microfluidic flow-focusing droplet maker device (Figure 1B). In the model 
protocell, the ribozyme replicates as a genetic molecule (the replication can be monitored with green fluorescence by 
an intercalating SYBR Green dye), which concurrently generates orange fluorescence as a result of its catalytic 
activity (phenotype).  

We performed iterative rounds of the ribozyme replication to simulate the protocell life cycle (Figure 1B). The 
procedure consists of four steps. First, the ribozyme and replicase are compartmentalized in emulsions on the droplet 
maker device (protocell generation). Second, the produced protocells are incubated off-chip for replication of the 
ribozyme and expression of the catalytic activity. Third, the protocells are selected using a dielectrophoresis-based 
droplet sorting device in a phenotype-dependent manner. Fourth, the selected droplets are broken and its RNA 
contents are extracted, following dilution of the RNA. Then, the diluted RNA is subjected to the next generation of 
life cycle.  
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Figure 1. Experimental system of an 
“RNA world” model protocell. (A) 
Schematic representation of the “RNA 
world” model protocell. The protocell 
contains a replicator ribozyme, its 
substrate, and the RNA replicase. In 
the protocell, the ribozyme replicates 
autonomously, and also generates 
fluorescent products. (B) Workflow of 
the protocell simulation. It consists of 
four steps (see the text) including two 
microfluidic divices, flow-focusing 
droplet maker (upper) and 
dielectrophoresis-based droplet sorter 
(lower).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
We carried out three types of experiment. First, the ribozyme replication was performed in the absence of 

compartmentalization (bulk solution). In this situation, the catalytic activity of the ribozyme disappeared at the 4th 
round (Figure 2A, Non-compartmentalized). It is due to takeover by catalytically inactive but rapidly replicated 
parasitic (selfish) RNAs (Figure 2B, Non-compartmentalized). The appeared parasites dominated the environment 
and consumed resources in the absence of physical barriers. Second, the ribozyme replication was done in the 
presence of compartmentalization (in droplets), but with no phenotypic selection. The catalytic activity was 
preserved until the 6th round, which was longer than the non-compartmentalized situation, but it disappeared at the 
8th round (Figure 2, Compartmentalized, No phenotypic selection). The penetration of the parasitic RNAs is slowed, 
but parasites still take over after several generations. In this case, the compartments act as physical barrier to prevent 
expansion of the parasites, but lack of the phenotypic selection causes domination of the parasites at later phase. 
Third, we performed the protocell life cycles with phenotypic selection. The catalytic activity and the full length 
ribozyme were preserved until the 9th round (Figure 2, Compartmentalized, Phenotypic selection). This 
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demonstrates experimentally that the protocell-based “group” selection effectively prevents takeover by parasitic 
molecules in line with theoretical predictions, implying the importance of cellular compartments for the evolution of 
catalytic activity and molecular altruism in the RNA world.  
 

 
Figure 2. Gel electrophoresis analyses of the catalytic activity (A) and RNA species (B) at each round of protocell 
life cycle. (A) The upper and lower bands indicated by arrows correspond to substrate (S) and product (P) RNAs, 
respectively. (B) The bands indicated by arrows correspond to single-stranded ribozyme (ssRz), single-stranded 
parasite (ssPs), double-stranded ribozyme (dsRz) and double-stranded parasite (dsPs), respectively.  
 
 
ACKNOWLEDGEMENTS 

This work was supported by the European Community’s Seventh Framework Program (FP7/2007-2013) under 
grant agreement no. 225167 (project e-Flux), and Centre National de la Recherche Scientifique (CNRS). We are 
grateful to Prof. Tetsuya Yomo and Dr. Norikazu Ichihashi (Osaka University, Japan) for their generous gift of 
plasmids encoding Q replicase and a purification protocol.  
 
REFERENCES 
[1] Murtas, G., et al., Protein synthesis in liposomes with a minimal set of enzymes. Biochem. Biophys. Res. 

Commun., 363, 12-17 (2007).  
[2] Noireaux, V. and Libchaber, A., A vesicle bioreactor as a step toward an artificial cell assembly. Proc. Natl. 

Acad. Sci. U.S.A., 101, 17669-17674 (2004).  
[3] Nomura, S. M., et al., Gene expression within cell-sized lipid vesicles. ChemBioChem, 4, 1172-1175 (2003).  
[4] Xia, Y. N. and Whitesides, G. M., Soft lithography. Angew. Chem.-Int. Edit., 37, 551-575 (1998).  
[5] Mazutis, L., et al., Multi-step microfluidic droplet processing: kinetic analysis of an in vitro translated enzyme. 

Lab Chip, 9, 2902-2908 (2009).  
[6] Holtze, C., et al., Biocompatible surfactants for water-in-fluorocarbon emulsions. Lab Chip, 8, 1632-1639 

(2008).  
[7] Anna, S. L., et al., Formation of dispersions using “flow focusing” in microchannels. Appl. Phys. Lett., 82, 

364-366 (2003).  
[8] Mazutis, L., et al., Droplet-based microfluidic systems for high-throughput single DNA molecule isothermal 

amplification and analysis. Anal. Chem., 81, 4813-4821 (2009).  
[9] Baret, J.-C., et al., Fluorescence-activated droplet sorting (FADS): efficient microfluidic cell sorting based on 

enzymatic activity. Lab Chip, 9, 1850-1858 (2009).  
 
CONTACT 
* Shigeyoshi Matsumura, tel: +33-3-68855176, e-mail: s.matsumura@unistra.fr  
 
 

 168



QUANTITATIVE DETECTION OF CIRCULATING TUMOR DNA IN PLASMA SAMPLES BY 
DROPLET DIGITAL PCR. 

  
Pekin D.1,2, Kotsopoulos S.3, Xinyu L.3, Atochin I.3, Gang H.3, Le Corre D.1, Benhaim L. 1, Hutchison 

J. B.3, Link D. R.3, Blons H.1, Laurent-Puig P.1 and Taly V.1,*. 
1Université Paris Descartes, INSERM UMR-S775, France, 

2Université de Strasbourg, CNRS UMR 7006, France, 
3RainDance Technologies, Lexington, Massachusetts, USA 

 
ABSTRACT 
This paper reports the use of droplet-based digital PCR for detection and quantification of biomarkers in circulating 
DNA from plasma of patients with advanced colorectal cancer (CRC). Furthermore, an original method is described 
for differentiating gene alterations within a single test on the basis of fluorescence intensity by varying the 
concentration of fluorescent probes. 
 
KEYWORDS 
Digital PCR, Cancer biomarkers, Droplet-based microfluidics, Microfluidic, Droplets. 

 
INTRODUCTION 

Circulating tumor DNA (ctDNA) is present in plasma of individuals with advanced cancers. ctDNA is a 
prognostic marker for patients with CRC and it might also be used for predicting the response to targeted therapy. 
Although ctDNA is characterized by the presence of a somatic mutation, direct quantitative detection through a 
simple workflow of such mutant DNA is not feasible by current technologies because the ratio of ctDNA to 
wild-type DNA can be as low as 1/10,000. Among potential biomarkers, mutations in the KRAS oncogene constitute 
an ideal target. Mutations in KRAS are indeed found mutated at high rates in colon cancer, pancreatic and lung 
cancer and KRAS mutation is a predictive factor of resistance for therapies targeting EGFR. More than 90% of the 
activating mutations occur at 7 DNA positions in 2 codons (12 and 13). 
 
EXPERIMENT 

The procedure, presented in MicroTas 2010 [1], is based on using a droplet-based microfluidic system to perform 
digital PCR in millions of picolitre droplets [2]. It allows for extremely precise, sensitive, and fast quantification of 
mutated genes within complex mixtures of DNA. The sensitivity of the procedure was confirmed by measuring 
1/200,000 dilution of KRAS-mutated cell-line DNA in a background of wild-type DNA. As a comparison, when 
using the same probes, PCR in bulk demonstrated a sensitivity of 10%[3]. This procedure was applied to DNA 
extracted from plasma of patients with metastatic CRC to detect either of the two most frequent mutations of KRAS 
(G12D and G13D) and the wild-type DNA. DNA concentration in the plasma samples varied by two orders of 
magnitude and was not correlated with the proportion of mutated DNA, which varied from 42% to 0.1%. The 
expected mutation (known by primary tumor characterization) was detected in 16 out of the 19 samples. 
Two samples had a low amount of amplifiable DNA leading to an inconclusive result.  
 Conventional qPCR has limited multiplexing capability due to spectral overlap of fluorescent probes. 
Multiplexing enables development of assays for biomarker panels at reduced cost and sample consumption, 
increased throughput and the potential for built-in assay controls. By using one-to-one fusion of drops containing 
gDNA with any one of seven different types of droplets, each containing a TaqMan® probe specific for a different 
KRAS mutation, or wild-type KRAS, and an optical code, we also demonstrated, and presented in MicroTas 2011 
[4], that it was possible to screen the six common mutations in KRAS codon 12 in a single experiment [5]. In such 
strategy, a target molecule will be tested for only one type of mutation and rare mutations could be missed. We now 
developed a new method for differentiating targets on the basis of fluorescence intensity by varying the 
concentration of the fluorescent probes [6]. To demonstrate, results of a 4- and 5-plex TaqMan® assay for KRAS 
mutations were measured simultaneously with just VIC and FAM fluorophores (Figure 1a,b).  
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Figure 1: TaqMan assays for each of the seven most frequent mutations of KRAS were assembled into two multiplex 
panels by mixing mutation-specific VIC and/or FAM TaqMan probes with a single wild-type (VIC) probe and a 
single pair of PCR primers in each panel (a and b). The heat-map histograms reveal that concentrations of probes 
were tuned to enable discrimination of droplets containing no amplifiable fragments, wild-type KRAS DNA, or a 
DNA fragment with a unique KRAS mutation.  

Sensibility of the procedure for each KRAS mutation was demonstrated at up to 1/10,000 (see 
Figure 2 for an example with G12S and G12V).  

 
Figure 2: Sensitivity detection of KRAS alleles in the multiplex procedure. DNA isolated from a homozygotous 
cell-line for the G12S or G12V mutation was mixed with wild-type DNA to prepare serial dilutions over four 
decades of mutant-to-wild-type ratio. The samples were analyzed with the appropriate multiplex digital PCR panel 
a). The results indicate that each mutation is detectable across the range of concentrations. 

Circulating DNAs isolated from plasma of 54 patients with metastatic colon cancer with 
known KRAS status (based on previous tumor characterization) were analyzed with these multiplex assays 
(Figure 3). Among these samples, 19 were expected to be positive for a KRAS mutation based on previous tumor 
DNA characterization. After multiplex analysis, 13 samples matched the mutation identified in the tumor DNA, 1 
sample contained a mutation different from the one expected from the tumor characterization (annotated as ***). No 
mutation was detected in 1 plasma sample for which a mutation was expected. The last 4 samples were inconclusive 
for the expected mutation (2 were positive in duplex analysis). Among the 35 samples that were expected to be 
negative for a KRAS mutation based on previous tumor DNA characterization, 2 plasma samples were positive for a 
mutation (annotated as * and **). For one of these samples (*), the initial tumor sample contained less than 15% of 
tumor cells and interestingly the patient had a progressive disease at the first evaluation under cetuximab. The other 
(**) was not evaluated for the number of tumor cells due to the size of the biopsy.  
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Figure 2: Analysis of 54 plasma samples of patient with advanced cancer by multiplex droplet-based PCR. The 
mutational status (mutated for one of the seven most frequent KRAS mutations or non mutated) of the primitive 
tumor is indicated in the x-axis and the proportion of mutant DNA within the sample in y-axis. 
 
 Our results demonstrate that our digital PCR method enables non-invasive detection of KRAS in plasma 
of patients with metastatic CRC with high sensitivity and specificity. We anticipate that the method will be 
employed in multiple applications in the clinic, including diagnosis, cancer recurrence monitoring, and treatment 
management. 
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ABSTRACT

We present a novel microdroplet-based device for extensive characterization of the reaction kinetics of enzyme-
inhibitor systems in a single experiment, for the first time utilizing droplet picoinjectors for bioanalysis.  This device 
enables the scanning of multiple inhibitors, inhibitor concentrations and substrate conditions in a single, highly time 
resolved experiment yielding the Michaelis constant (Km), the turnover number (Kcat) the mode of inhibition and the 
inhibitor enzyme binding constants (Ki, Ki’).  Using this device we determine Km and Kcat for !-galactosidase and the 
fluorogenic substrate Resorufin !-D-galactopyranoside (RBG) to 252 !M and 477 s-1, respectively. Furthermore, we 
examine the inhibitory effects of Phenylethyl !-D-thiogalactopyranoside (PETG) on this system. 
 
KEYWORDS 

Enzyme kinetics, Enzyme inhibitors, Droplet microfluidics, High throughput. 
 
INTRODUCTION 

Enzyme kinetics and inhibition are important to a wide range of medical and industrial applications including drug 
development and biosustainable chemicals processing.  Droplet microfluidics has many advantages for enzyme kinetic 
measurements as it enables high time resolution, large numbers of reactions and low sample volumes.  A variety of 
droplet-based systems for enzyme kinetics characterization have been demonstrated[1,2]. Our system is unique in that 
it will enable characterization of enzyme-inhibitor systems over a range of substrate and inhibitor concentrations in 
picoliter reaction volumes concurrently. 
 
EXPERIMENTAL 

Microfluidic devices are manufactured in glass and Polydimethylsiloxane using standard soft lithography 
techniques with injected metal electrodes.  The workflow includes two circuits (Figure 1A).  The first circuit generates 
23 pL droplets at rate of 1200 droplets per second, combining enzyme and various inhibitor concentrations 
fluorescently encoded by a red dye.   

The second circuit includes an electric field controlled picoinjector module [3] where enzyme-inhibitor droplets are  
injected with a defined amount of fluorogenic substrate (Figure 2B).  Droplets are subsequently incubated in a 170 s 
incubation channel with droplet-shuffling and measurement constrictions at regular intervals[4] (Figure 1B-C).  Droplet 
fluorescence measurements utilize a 50 mW 491 nm laser and photomultiplier tubes detecting at at 525 and 593 nm.   
 

 
Figure 1. A. Workflow schematic of enzyme kinetics and inhibition analysis. A library of droplets with a fixed enzyme 
concentration and a range of green dye barcoded inhibitor concentrations is generated.  Droplets are transferred into the 
second device and injected with fluorogenic enzyme substrate.  Droplet fluorescence (525 nm and 593 nm) is measured at 
defined intervals in the device (labeled x). B-C. Microscope images of the 90 !m deep and 200 !m wide incubation line. 
B. One of the 26 measurement points (width and depth 30 !m) , which constrict flow to allow single droplet resolution. 
C. One of 125 constrictions that mix droplets and thereby reduce spread in incubation time between droplets.  
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RESULTS AND DISCUSSION 
The syringe pump actuated substrate picoinjector unit was characterized by injecting pre-generated droplets 

containing the red fluorescent dye rhodamine B with the green fluorescent dye fluorescein and measuring droplet 
fluorescence post injection. Analysis of data confirms that all droplets which passed the picoinjector nozzle were 
injected with a defined quantity of fluorescein. By varying the flow rate on the picoinjector channel, different volumes 
of fluorescein solution could be injected into the droplets. The nominal injected volume fraction agreed well with the 
resulting fluorescence (Figure 2A-B). Furthermore, picoinjection was shown to be stable over time (>30 min) with a 
coefficient of variation of 4.4% in the resulting fluorescence when operating at ca 450 Hz. 
 

 
Figure 2. A. The picoinjector was validated by injecting five different volumes of fluorescein solution into pre-
generated droplets and measuring fluorescence post injection. Graphs shows nominal volume fraction injected (derived 
from the relative flow rates of the emulsion and the fluorescein solution) vs the fluorescence of the droplets post 
injection. Each data point represents the average fluorescence of ca 40 000 droplet events and error bars indicate one 
standard deviation. B. Microscope image of picoinjector. Droplets flow through the center channel (top to bottom) and 
a controlled amount of liquid is injected into each droplet from the side channel as they pass the nozzle. 
 

The multiplexing capabilities of droplet microfluidics for enzyme kinetics analysis was demonstrated by 
simultaneously assaying three green fluorescently barcoded droplet populations for the red fluorescent assay product 
(Figure 3). 

 

 
Figure 3. Graph shows concurrent detection of three populations of droplets containing 9.3, 3.1 and 1.033 !M resorufin 
(red fluorescent) and 1.25, 2.5 and 5 !M fluoroscein (green fluorescent) respectively. Each dot represents one droplet 
event and the graph displays a total of 60 000 events. 
 

Droplets containing !-galactosidase were generated on-chip and enzyme kinetics measurements were performed 
using the microfluidic circuit with or without PETG, an inhibitor of !-galactosidase activity.  The reaction progress was 
analyzed by droplet fluorescence interrogation at 6 points along the incubation channel i.e. every 6.7 seconds (Figure 
4A-B). Reaction velocities were determined for six different concentrations of the enzyme substrate RBG.   
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Reaction velocity data was fit to the Michaelis-Menten equation (r2=0.998) and enzyme kinetics parameters Km and 
Kcat were found to be 252 !M and 477 s-1, respectively, at a pH of 6.9 and room temperature.  The experiment was 
repeated in presence of PETG and the value of Ki and Ki’ was estimated as 2 !M and 20 !M (r2=0.96), respectively, 
indicating that PETG is a competitive inhibitor (Figure 4C-D). One limitation in the determination of the kinetic 
parameters for the !-galactosidase and RBG system is the limited solubility of the enzyme substrate. Ideally, the assay 
should be performed at a range of substrate concentrations both above and below the Km of the substrate but the 
concentration range was limited by the solubility of RBG [5]. 

 
Figure 4. A-B. Graph showing !-galactosidase reaction progress in droplets without inhibitor (A) and with 2.5!M PETG 
(B). Each data point was derived from the average fluorescent intensity of >1500 droplets and error bars denote one 
standard deviation. C. Enzyme reaction velocities for the different substrate concentrations extracted from reaction 
progress data.  D. Michaelis- Menten equation fit for !-galactosidase activity. Velocity measurement was done in 
triplicates and error bars denote one standard deviation. Enzyme constants Kcat=477 s-1, Km=252 !M, ki=2 !M and 
ki’=20 !M were extracted from fit. 
 
CONCLUSION AND OUTLOOK 

We demonstrate a system for highly multiplex enzyme kinetics and inhibition analysis in picoliter microfluidic 
droplets. A picoinjector is used to add enzyme substrate to droplets and thereby initiate the enzymatic reaction at a 
specific location in the device. Using this system, we characterize !-galactosidase enzyme kinetic parameters and the 
inhibitory action of PETG on this enzyme. This system aims to increase the throughput of enzyme kinetics and 
inhibition measurements and to allow for massive multiplexing using several fluorescently barcoded inhibitors and 
inhibitor concentrations to benefit pharmaceutical research. 
 We are expanding the analysis to multiple enzyme-inhibitor systems, such as the effects of acarbose on !-amylase, 
performing enzyme kinetics characterization using libraries of dye-barcoded droplets with a range of inhibitors and 
inhibitor concentrations.  
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ABSTRACT 
Here we demonstrate the feasibility of performing a low cost, multimodal and high throughput active immuno-

agglutination assay by combining magnetics beads (MB), droplets microfluidics and magnetic tweezers. Water in oil 
droplets containing antibody coated MB and the specific target were generated and transported in tubing. When passing 
in between magnetic tweezers, the MB were magnetically confined in order to enhance agglutination rate and kinetics. 
After confinement, the internal recirculation flows in the droplet induce shear forces that favor MB redispersion and limit 
non-specific interactions. The assay limit of detection (LOD) was estimated at 100 pM.

KEYWORDS 
 Immuno-agglutination, droplets, magnetic beads, microfluidics.

INTRODUCTION 
Although immunoassay diagnostic based on ELISA technique offers high throughput and sensitivity, it suffers from 

laborious procedures and is time consuming. [1, 2] In that way the development of one step immunoassays were of great 
interest since they prevent separation and washing steps thus simplifying and shortening the whole analytical procedure. 
Many groups have demonstrated the potential of one step immunoassays through different approaches such as magnetic 
relaxation, fluorescence resonance energy transfer, enzyme multiplied immunoassay technique, etc. 
Among one step immunoassays, immuno-agglutination is the most widespread method in research and clinical 
applications since this approach is well adapted for point of care applications. The procedure relies on aggregates 
formation from antibody coated particles in presence of the specific analyte. The detection is based on optical 
measurement or naked eye evaluation. The main limitation of this approach result from the slow beads aggregation 
kinetics since beads collision and bridging occurred in passive diffusion. In order to enhance the bead aggregation 
efficiency, magnetic enhanced agglutination using MB has been developed. [3] Pearl chains like structures of MB were 
formed under homogeneous magnetic field thus increasing collision probability and contact time. The assay time was 
reduced to 5 minutes with pM sensitivity. Nevertheless this approach was not adapted for high throughput nor 
miniaturization. Gij’s et al.[4]  transposed magnetic agglutination in microsystem in which magnetic actuation system 
was fully integrated and sample consumption was significantly reduced. This system offers a pM sensitivity with analysis 
time around 10 minutes but the procedure based on sequential capture and release of MB remains laborious, requires 
specific materials and is still not adapted for high throughput and multiplexing.  

Figure 1. Experimental set up and procedure of MB based immuno-agglutination in droplets. Droplets were generated in 
a Teflon tubing by sequentially aspirating defined volumes of oil and sample (containing the MB and the analyte) from a 

microtiter plate. (t1) The droplets containing free MB were further transported towards magnetic tweezers. (t2) The 
confinement induced by the magnetic field enhances aggregates formation. (t3) Beyond magnetic tweezers, the MB were 

redispered thanks to internal recirculation flows (dotted lines) and droplets were visualized using USB camera.
In this paper we developed a fully automatized and low cost platform dedicated to one step magnetic enhanced 

immuno-agglutination in droplets. The first step consists in capturing the analyte using antibody coated 
superparamagnetic particles . After incubation, confined droplets containing the MB and the analyte were generated and 
injected in the tubing towards magnetic tweezers. When passing in between the tweezers, MB were magnetically 
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confined thus improving collision probability and aggregation rate. After this magnetic confinement step, droplets 
internal recirculation flows ensure MB redispersion. The detection method consists in measuring the MB spatial 
distribution in the droplet using a USB camera. Indeed MB redispersion is limited by the creation of specific interaction 
between MB that depends on analyte concentration in the sample. Several parameters influencing the agglutination have 
been evidenced such as the percentage of surfactant in the carrying oil, magnetic flux density, flow rate and MB 
concentration. The easy and fully automatized droplets generation ensures serial and high throughput analyses using low 
cost materials while keeping good sensitivity. 

 
EXPERIMENTAL 

The principle of the immuno-agglutination assay is depicted on Figure 1. 90 µL of Streptavidin coated 1 µm magnetic 
beads (MB, Chemicell) at different concentrations (from 1 to 3 mg/mL) were mixed with 10 µL of biotinylated 
phosphatase alkaline (b-PA, Thermo Fisher Scientific) used as a model analyte (concentration ranging from 50 to 10.000 
pM). After 5 minutes incubation, the droplets were generated and transported in a Teflon tubing (Sigma) using flow rates 
ranging  from 0.4 to 1 µL/min. [5] When passing in between the magnetic tweezers, the MB were magnetically confined 
by applying a current from 0.2 A (20 mT) to 1 A (85 mT).[6]  Once passing the tweezers, the internal recirculation flows 
in the droplet induce shear forces that favor MB redispersion. In presence of the analyte, the formation of specific 
binding will keep MB in aggregated state. However, when reducing analyte concentration, the number of specific 
interactions will decrease as well as the number of MB engaged in the cluster thus favoring MB redispersion in the 
droplet. The detection step consists in measuring the projection of the surface occupied by the MB in absence (Sblank) or 
presence (Sassay) of the analyte in the sample. USB camera placed at 5 cm after magnetic tweezers was used to take 
droplet pictures. The MB were observed in transmission and induced a contrast represented by dark pixels.  After 
imposing a grey level threshold, the surface occupied by the MB was determined through image J software. The signal 
was determined as: 1-(Sassay/Sblank). The entire procedure was performed at 21°C. 

 

RESULTS 
The feasibility of the agglutination assay in droplets was demonstrated using 1µm streptavidin coated MB and 

biotinylated phosphatase alkaline as model analyte. We first evidenced that aggregation rate and kinetics from passive 
agglutination, i.e. without magnetic flux density (B), were very poor. In absence of magnetic field (figure 2 A,D), the 
presence of the analyte (2 nM) has no significant influence on MB behavior as compared to the blank (0 pM). Diffusion 
and convection processes due to droplet internal recirculation flows were not sufficient to induce MB collision and 
bridging. As in passive agglutination, agglutination is limited by MB collision frequency and contact time. Electrostatic 
and steric repulsions between MB could also explain the slow process of passive agglutination.  

In order to improve agglutination rate and kinetics, magnetic tweezers have been developed to magnetize and confine 
MB in droplets (Figure 1). We observed experimentally that the application of B improved MB collision probability and 
contact time. In the presence of high analyte concentrations (figure 2 F) large aggregates of MB were observed while 
progressive dissociation and redispersion was observed in blank experiments. These results demonstrate the specificity of 
the interaction. We investigated the influence of the magnetic field on the agglutination test. As shown on figure 2G, 
above 20 mT, the value of B has no more influence on the signal.  

In order to perform a high throughput assay, the influence of the flow rate on the signal was also studied for a given 
analyte concentration. Four different flow rates from 0.4 to 1µL/min were investigated. Figure 2H shows that the signal 
decreased when increasing the flow rate. A careful attention on MB redispersion reveals two different regimes. From 0.4 
to 0.6 µL/min, the increase of droplet velocity reduces the magnetic confinement time and therefore the MB capture 
efficiency. It resulted in a decrease of agglutination efficiency. However, from 0.6 to 1 µL/min we observed a different 
behavior : here the droplet velocity is so high that MB stay packed at the rear of the droplet with or without analyte in the 
sample. Therefore a flow rate of 0.4 µL/min was chosen as it offers the higher signal and a scanning rate of 7 droplets per 
minute. 

The influence of MB concentration on the signal is highlighted on figure 2I. It was shown that the assay sensitivity 
was improved when decreasing the MB concentration. Indeed, when the MB concentration decreases the number of 
captured target per MB increases thus increasing the percentage of MB engaged in the aggregates. A linearity was 
obtained in a concentration range of 100-900, 200-1100 and 500-1700 pM when using 1,2 and 3 mg/mL of MB 
respectively. The assay limit of detection (LOD), which was determined as three standard deviation above the 
background, was estimated at 100 pM with a high reproducibility (RSD of 4.8% with 5 repetitions) when using a MB 
concentration of 1 mg/mL. This LOD meets the sensitivity required for most of immunodiagnostics. The assay specificity 
was evaluated using BSA as interfering molecule; the results indicate the absence of non-specific agglutination. In 
addition to high sensitivity, the possibility to generate the droplets in large number gives access to reliable and high 
throughput analyses. Including target capture, droplet generation, magnetic confinement and droplet visualization, this 
approach offers an analysis rate of 300 assays per hour. 
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Figure 2. Sequence of MB aggregation without (A,B,C) or with (D,E,F) analyte. Influence of magnetic field B on the 

signal (G). Influence of the flow rate on the signal (H). Calibration curve for three different MB concentrations: 
1(square), 2 (diamond), 3(triangle) mg/mL, circle represent non- specific analyte (BSA) with 2 mg/mL of MB (I). 

CONCLUSION  
In this work we have shown the implementation of a promising low cost and high throughput agglutination assay 

combining the advantages of MB, magnetic tweezers and droplets. High gradient magnetic fields improve agglutination 
rate and kinetics while water in oil droplets provide a significant of the reaction volumes (100 nL), multiplexed analyses   
and automated high throughput analyses (300 analyses /hour).  
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ABSTRACT 
    Microfluidic devices have been applied to realize functionally integrated and compact in situ chemical and 
biochemical analyzers that can be operated in deep-sea environments. PDMS-based microfluidic devices are 
connected with miniature pumps, valves, and flow-rate sensors to enable in situ detection of biomolecules or trace 
elements. The in situ analyzers can be mounted on a variety of underwater platforms such as remotely operated 
vehicles, autonomous underwater vehicles, and manned submersibles. Development, evaluation, and in situ 
operation processes of the in situ analyzers will be introduced together with practical operation results. 
 
KEYWORDS 
    Marine survey, in situ measurements, Gene, ATP, Manganese, pH 
 
INTRODUCTION 

For the purpose of ocean sciences, natural resource surveys, and environmental assessment missions, 
development of compact in situ chemical/biochemical sensors or analyzers has been demanded. A series of 
Integrated In Situ Analyzer (IISA) utilizes a microfluidic device as a core functional element for chemical or 
biochemical analysis in ocean environments. IISA-Gene can detect targeted microbial genes based on a PCR method 
[1]. Microbial biomass can be estimated using IISA-ATP (adenosine triphosphate) that can perform a 
luciferin-liciferase bioluminescence assay in situ [2]. IISA-Mn can quantitatively detect manganese (Mn) ion as one 
of the trace metal contents of seawater using a luminol chemiluminescent assay [3]. A microfluidic device was also 
integrated with an ion-sensitive field-effect transistor (ISFET) to realize in situ calibration of a pH sensor (IISA-pH) 
[4]. All of IISA apparatuses have been operated in situ for system evaluations and practical operations. 

 
EXPERIMENT 

IISA-Mn equipped with a microfluidic device that has four microvalves, a flow-rate regulator, a mixer, and an 
optical detection flow-cell was operated in the deep-sea environment for practical survey of underwater 
hydrothermal sites. IISA-Mn was mounted on a remotely operated vehicle (ROV) “HYPER-DOLPHIN” 
(JAMSTEC). As a result of survey missions at the depth of 500 to 700 m at the Okinawa Trough area, distinct 
anomalies on manganese concentration were detected and novel hydrothermal sites were successfully discovered. 

 

      
A PDMS microfluidic device with a PMMA flow-manifold for manganese detection (left), fluidic components of 

IISA-Mn (center), and ROV “HYPER-DOLPHIN” with IISA-Mn (right) 
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DEVELOPMENT AND FIELD TESTING OF LASER-INDUCED 
BREAKDOWN SPECTROSCOPY FOR IN SITU MULTI-ELEMENT 

ANALYSIS DURING UNDERWATER SURVEYS 
 Blair Thornton, Tatsuya Masamura, Tomoko Takahashi, Tamaki Ura 

Institute of Industrial Science, The University of Tokyo, Japan 
 
ABSTRACT 
    The application of laser-induced plasmas has been investigated as a method to perform in situ, multi-element 
chemical analysis of liquids and immersed solids at sea during marine surveys. Analytically useful spectra have been 
observed from plasmas generated by irradiation of a high power pulsed laser in both bulk liquids and immersed 
solids using a single pulse at hydrostatic pressures of up to 300atm. Experiments were performed at sea using the in 
situ laser-induced breakdown spectroscopy (LIBS) device I-SEA (In situ Seafloor Element Analyser) mounted 
on-board the remotely operated vehicle (ROV) Hyper-Dolphin of the Japan Agency for Marine Science and 
Technology (JAMSTEC). During the trials real-time, multi-element analysis was successfully achieved for the first 
time at sea using LIBS for both liquids and immersed solids at a depth of 200m.  
 
KEYWORDS 

Laser-induced breakdown spectroscopy, Underwater, Element analysis, Marine survey. 
 

INTRODUCTION 
    Laser-induced breakdown spectroscopy (LIBS) is a form of atomic emission spectroscopy that focuses a high 
power laser pulse onto a target to create a plume of excited material that emits light corresponding to the spectra of 
the atoms and ions that compose the plume. In this study, the authors demonstrate that well resolved emission 
spectra can be observed from plumes generated in bulk liquids, and on immersed solids after excitation by a single 
laser pulse of duration <10ns, and further demonstrated that external pressures of up to 300atm. have no significant 
effect on the observed line emissions. The application of LIBS at sea is demonstrated through experiments carried 
out using a 3000m depth rated LIBS prototype mounted on-board a remotely operated vehicle (ROV). The results of 
the experiments will be presented and an outlook will be given for future areas of work. 
 
EXPERIMENT 

A 3000m depth rated LIBS device, I-SEA (In-situ Seafloor Element Analyser), has been developed at the 
University of Tokyo, Japan, in order to perform in situ multi-element chemical analysis of both solids and liquids 
underwater. The device is 1.5m long with a diameter of 0.3m and weighs 110kg in air. The device has two optical 
setups, a direct optic and a fiber optic setup. The direct optic focuses the laser and observation optics directly into the 
bulk liquid via a high pressure objective lens mounted on the hull. The fiber optic setup delivers the laser through a 
1000µm core diameter fiber optic cable that penetrates the hull and observes the signal through the same fiber. 
During operation, the direct optic measures the optical emissions of plasmas generated directly in seawater 
immediately in front of the device, and the fiber optic probe allows for specific targets to be selected using a ROV 
manipulator. The device was mounted on-board the ROV Hyper-Dolphin during the NT12-07 cruise of the R/V 
Natushima of JAMSTEC. During the two dives performed with the ROV, both the direct optic and fiber optic probe 
setups were tested and successful multi-element analysis of both liquids and solids were performed. 

 

    
 
Testing of underwater LIBS at sea showing (left) the direct optic setup, (center) the fiber optic setup, and (right) 

an example of spectroscopic measurements made during the sea trials  
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DEVELOPMENT OF DEEP BOREHOLE LONG TERM OBSERVATORY 
TO MONITOR THE EARTH’S INTERIOR 
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ABSTRACT 
    The deep sea scientific drilling vessel Chikyu was developed to drill the sea floor, recover the core sample, and 
analyze these on board for realizing such important scientific targets of IODP (Integrated Ocean Drilling Program) 
as the studies on the sub surface biosphere, the material circulation beneath the sea floor, the past global 
environments, and the earth’s dynamic. Borehole remained after drilled is not a mere relic after recovering the core 
sample from the sea floor, but is very important “scientific window” for monitoring the earth’s interior. Here is 
mainly described the technological difficulties of the long term borehole observatories which were deployed at 
Nankai Trough and Japan Trench.  
 
KEYWORDS 
Borehole observatory, In-situ measurements, IODP.  

 
INTRODUCTION 

Most of the large earthquakes (magnitude greater than 8.0) in Japan were observed at the subduction 
plate-boundary such as Nankai Trough and Japan Trench. The Mw 9.0 Tohoku earthquake and accompanying 
tsunami produced the largest slip ever recorded in an earthquake and devastated much of northern Japan on March 
11, 2011. The IODP proposal for JFAST (Japan Trench Fast Drilling project) planned to drill into the Tohoku 
subduction zone using Chikyu, measure the fault zone physical properties, recover fault zone material, and install an 
observatory to directly record the temperature anomaly caused by frictional slip during the earthquake. Considering 
the significant technical and operational challenges related to the great water depth of ~7,000 meters, and timing 
constraints, the observatory needed to be both robust and simple, and we developed two different types of 
observatories, which were the autonomous MTL (Miniature Temperature Logger) observatory and the telemetered 
PT (Pressure and Temperature) observatory. The former one was successfully deployed in July, 2012. 

Based on the results of previous Nankai Trough research efforts, further research opportunities were proposed as 
the IODP scientific drilling proposal NanTroSEIZE (Nankai Trough Seismogenic Zone Experiment) which proposes 
not only drilling, coring, geological analyzing, and geophysical logging, but also installing the borehole observatory 
into several drilling holes including deep riser holes at 7000 meters below sea floor (mbsf), where we expect to 
encounter the mega splay fault and the locked region of mega thrust fault. The figure shows the NanTroSEIZE 
proposed drill site (C0009, C0010 holes already exist), and also proposed observatory site (C0002 riserless 
observatory was successfully deployed in December, 2010). 

 
EXPERIMENT 

NanTroSEIZE C0002 riserless observatory, as shown in the figure, equips a broadband seismometer (resolution; 
2.2 X 10-9 m/s), a geophone (10-9 m/s), a tilt meter (5 X 10-9 rad), a strain meter (10-9 strain), a accelerometer (3 X 
10-6G), pressure sensors, temperature sensors (< 2 X 10-3 K) to monitor the multiple parameters such as seismic, 
geodetic, and hydrogeology. [1] JFAST autonomous MTL observatory equips 55 of temperature sensors (5 X 10-5 
ºC) and 10 of pressure sensors (10-3 %FS). 

 
 
 
 
 
 
 
 
 
 
 

 
NanTroSEIZE proposed drill site and LTBMS site (in red letter) 
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ABSTRACT 

Many biological studies and pharmacological assays require culture of living cells outside of their natural 
environment in the body.  The gap between the cellular microenvironment in vivo and in vitro, however, poses 
challenges for obtaining physiologically relevant responses from cellular drug screens and for drawing out the 
maximum functional potential from cells used therapeutically.  This “physiology gap” exists, at least in part, 
because the fluidic environment of mammalian cells in vivo is microscale, 3D, and dynamic whereas typical in 
vitro cultures are macroscopic, 2D, and static.  This presentation will give an overview of efforts in our laboratory 
to develop microfluidic systems that enable spatio-temporal control of chemical, cellular and fluid mechanical 
environment of cells using microchannel systems [1-3], aqueous two phase systems [4, 5], and hanging drop 
arrays [6].  The development of such microfluidic models of the body presents new challenges of developing 
meaningful readouts to enable interpretation of the microfluidic cell culture systems and relating the readouts to 
human physiology.  Some of our efforts in development of useful biomarker readouts will also be described [4, 7].  
Specific biomedical topics that will be discussed include in vitro fertilization on a chip, lung-on-a-chip, 
microfluidic models of cancer, bacterial communities, and nanofluidic chromatin analysis.   
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Aqueous Two Phase Systems, Oscillator, Biomarker, Fracture Fabrication, Spheroids 
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ABSTRACT 
    We have successfully operated enucleation of oocyte by using microelectric knife without any thermal collateral 
damage. Minimally-invasive cellular-scale ablation was achieved by the mono-dispersed microbubbles which were 
generated by a pulse discharge of microelectrode. The discharged output power and conductive area of 
microelectrode were controlled by glass shell insulation around the copper microwire. A small space which is called 
“bubble reservoir” between the wire and glass tip contributes to stabilize the electric discharge and directional 
bubble generation.  
 
KEYWORDS 
Micro-nano bubble, electrically-induced, enucleation  

 
INTRODUCTION 

Electric knife is one of indispensable surgical devices and it was used in wide surgical operation. This technique, 
unlike laser technology, has not been remarkably improved since it has invented several decades ago, while 
manipulation and processing technology of microorganisms or cells become important subjects with the 
development of the MEMS, gene technology and neurology [1]. Therefore, low in cost, high in resolution and 
non-intrusive ablation under medium is highly required. Recent development of the microelectric knife succeeded in 
its miniaturization [2] however unavoidable thermal collateral damage at the fracture cross-section damages the 
protein binding of cell. For the present study, we utilized a novel phenomenon of mono-dispersed electrically 
induced bubbles for cell ablation. Figure 1 classified the conventional cell ablation techniques compared to the 
proposed system. Compare to the other techniques, proposed microelectric bubble knife has advantages in terms of 
cost and limited collateral damage.  

 
EXPERIMENT 

Figure 2 shows the concept of the microelectric bubble knife. Mono-dispersed directional microbubbles 
generated by the oscillation of air-liquid interface at the edge of the probe can ablate a surface of cell using microjet 
phenomenon produced by the microcavitation. The electrical circuit of conventional electric knife was modified with 
non-inductive resistance, and which enabled the cellular-scale ablation as shown in Figure 3. The applied output 
power was in the range of 0.1-1.0 W at frequency of 450 kHz. Figure 4 shows the process flow to fabricate the 
microelectric bubble knife using the glass puller with a copper microwire. After several preliminary experiments, it 
was confirmed that the coating is not a sufficient method to insulate the electrode perfectly. It is necessary to have a 
glass-insulated shell protecting the electrode by preventing unnecessary water invasions. To produce such an 
electrode, the insulated layer and a wire were fabricated simultaneously to produce a knife for perfect insulation. To 
produce such an insulated microelectrode, the glass capillary tube (50 L) and a copper wire with a diameter of 30 
m and a silver paste were used. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Classification of technologies for cell surgery 

Figure 2. Concept of cell ablation by micro/nano bubbles generated by electric knife (a)concept view of 
microelectric bubble knife and bubble reservoir (b)Mechanism of ablation (c) Electrical circuit of enucleation 
of cell  

Figure 3. Electrical circuit of microelectric knife Figure 1. Classification of technologies for cell surgery 

① Electrolysis/Local Heat 
② Monodispersed Bubbles 
   by Fluid Oscillation 
③ Crush of Bubble and  

Cell Ablation 

Active Electrode

Nucleus
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Then the glass puller (P-1000IVF) was used to pull the glass capillary. The copper wire was passed through the 

glass tube and was set to the glass puller. After applying the programmed thermal input, the tube and the wire can be 
disconnected. Then the silver paste was stuffed to the end of the tube to connect to the power supply of the electric 
knife. Due to the viscoelasticity of glass insulation, glass can be extended further than copper and which produced a 
space called “bubble reservoir” which make stabilize the electric discharge. 

Figure 5 shows high-speed camera photos of the phenomenon of a line of mono-dispersed microbubbles 
generation. This peculiar phenomenon of directional bubbles which can ablate the cell surface contributes to the 
positioning accuracy of the ablation.  

Next, the ablation test of actual cell (bovine oocyte) was carried out. The confocal microscope image of the 
fluorescent ooplasm and zona pellucida dyed by rhodamine B confirmed that the microelectric bubble knife can 
process the cell membrane and control the depth of ablation with limited damage successfully. Figure 6(d) shows the 
result of the evaluation of the width of the ablation area as a function of the distance between the cell and electrode. 
It was confirmed that the larger distance provide the smaller width of the ablation. The diameter of the exit part of 
the microelectrode is approximately 10 m and the width of the cone-shape bubble boundary reduced below 10 m 
after the distance D becomes 10 m. 

 
RESULTS AND DISCUSSIONS 

Finally, this technique was applied to the enucleation of oocyte which is one of the most complicated processes 
in the cloning technique. Figure 7(b) shows the conventional manual operation of enucleation by a glass capillary 
and which is difficult task requiring 3D dissection by skillful operators. Figure 7(a) shows the first trial of the 
enucleation of oocyte by the microelectric bubble knife. The target of the nucleus was stained by Hoechst 33342. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Sequence photos of enucleation: (a)electric bubble knife operation, (b)manual operation, (c) 
comparison of the size of ablation area 

(a) 

50 m 
 

(c) 

(b) Polar body 

Glass Pipette nucleus 

Figure 4. Process flow to fabricate microelectric knife

Figure 5. Line of monodispersed micro/nano 
bubbles under medium (High-seed camera 
images).

(d) 

Diameter of micro-electrode 

Bubble Reservoir 20 m 

N = 4 

D [m] 
Figure 6. (a) Operation of cell ablation and (b) (c) fracture cross-section (images of confocal microscope),(d) 
Width of the ablation area as a function of the distance between the cell and electrode. 
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The experiment was carried out in the half dark field with fluorescent light. It was confirmed that there is no thermal 
collateral damage using microelectric bubble knife. The width of the ablation region was successfully reduced to 
more than a half. A nucleus dyed by Hoechst was removed successfully with limited damage region (≈ 5 m) which 
is difficult task for manual operation with glass capillary. Figure 7 (c) shows the comparison of the ablation region 
after the enucleation and it was confirmed that the ablation area by microelectric bubble knife is about a half of that 
by manual operation with glass capillary.  
 After the first trial of the enucleation test, we aim to the enucleation process without using toxic fluorescent dye to 
increase the production rate and to obtain the minimally invasive operation. We use polar body as a target of the 
enucleation without using any fluorescent dye. Generally the polar body exists next to the nucleus of the oocyte, 
when the oocyte is in the matured stage II. Therefore removal of the polar body and ambient area complete the 
enucleation sufficiently. To confirm the successful of enucleation, we simply separate the ablation part to the other 
dishes where the cell was stained by Hoechst for confirmation of the enucleation. Also, it was found that the 
membrane of the ooplasm of oocyte should not be damaged during the operation, and more importantly the 
membrane should be regenerated to keep the spherical shape even after the enucleation process. To obtain such a 
procedure, it is highly required to evaluate the direction of shooting of electric-bubble knife. Figure 8 shows the 
proposed tangential direction of enucleation by microelectric knife. To obtain the minimally invasive operation, the 
enucleation was carried out along the tangential line around the polar body. Figure 9 shows the new method of 
enucleation in the bright field. To obtain minimally-invasive operation and to keep the membrane of the ooplasm in 
good condition, the ooplasm was simply thrust out by pushing the oocyte by electric bubble knife operated by the 
manipulator after piercing 3D hole in the oocyte by microelectric bubble knife. It was successfully operated the 
removal of polar body of oocyte in the bright field. It was confirmed that the ooplasm after the operation keep the 
spherical shape which indicate the ooplasm is in good condition. On-going research is carried out to increase the 
production rate after the operation. 
 
CONCLUSIONS 

For the present study, we proposed microelectric bubble knife by using a phenomenon of a directional line of 
mono-dispersed micro-nano bubbles between the electrodes. It was confirmed that the cell was fabricated with a few 
m-order resolution. Enucleation of oocyte was also successfully operated. The first trial enucleation test was carried 
out in the half dark-field with fluorescent light, it was confirmed that the ablation area by microelectric bubble knife 
is about a half of that by manual operation with glass capillaries. In the case of the minimally invasive enucleation in 
the bright field without using fluorescent dye, we have successfully removed the polar body with ambient part by 
tangential direction of shooting of electric-bubble knife.  

On-going research is carried out to increase the production rate of bovine oocyte enucleated by the microelectric 
bubble knife. This microelectric bubble knife is minimally-invasive and simple structure. It is easy to assemble to 
general medical instrument such as endoscope and expected to be used in-vivo environment for more practical use.  

This low cost microelectric bubble knife has possibilities to extend to fabricate any objective material under 
various environments and contribute to a new top-down fabrication method in the micro-nano bioengineering field.  
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Figure 8. Proposed tangential direction of 
enucleation by microelectric bubble knife. 

Figure 9. Operation of enucleation by using a target of 
polar body with bright field.  
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ABSTRACT 

This paper presents a simple and fast protein detection from a whole blood sample using an SPR (surface 
plasmon resonance) sensor chip integrated with in situ blood cell separation function. We demonstrated the 
separation of plasma from a whole blood just by dispensing the single drop on the sensor chip and the 
detection of IgG molecules in it. This sensor chip allows the detection of IgG molecules of a concentration 
lower than the physiological value and the fast detection time (< 12 min). 
 
KEY WORD 

SPR, Blood separation, Blood testing,  
 
INTRODUCTION 

A whole blood testing is commonly used for early detection of diseases by detecting biomarker proteins in 
blood serum (ex. AFP and PSA). Conventional methods involve a time consuming procedure of blood cell 
separation using external equipments such as a centrifuge and filtration device, preventing the miniaturization 
of the system. Although various kinds of cell separation techniques have been developed in LOC field, 
including a microfluidic and electrostatic cell separations[1], most of them still require external devices such 
as a pump, tube, valve, and power supply. To overcome these drawbacks, we propose a novel technique for 
protein detection from a whole blood sample using a “Size-exclusion SPR sensor chip” (filter SPR chip) that 
we have previously developed for detecting particle aggregation [2]. 

A filter SPR chip has a microslit array on a flat gold surface, with the gap of 3 m smaller than a cell size 
(Figure 1). Because the SPR sensing area is limited to about 300 nm above the gold surface, the walls of 5 m 
height exclude blood cells from the sensing area, thus only a serum can touch the sensor surface, where 
ligands are immobilized to capture analytes, allowing the specific detection of proteins in the serum as the 
SPR angle shift. This method needs no external equipment for cell filtration, because it is driven by their 
sedimentation and diffusion. In addition, the short distance between the filtration and the sensing area enables 
us to detect proteins immediately after applying samples. Non-labeling of SPR sensing also allows the 
one-step procedure; just applying sample to a ligand-immobilized chip. 

Micro Slit

SPR Detection
Area (~300 nm)

Antibody Protein 

Blood cell
Not Detected

Antigenic Protein 
Detected

 
Figure 1: Size-exclusion SPR sensor chip with microfabricated slit array (Filter SPR chip) for separating 
blood cells and detecting proteins in whole blood sample.  

Fabrication 
Glass chips (BK7, refractive index 1.515, 15×15×1 mm, NTT-AT Corp.) were cleaned with a piranha 

solution (H2SO4: H2O2 = 3:1) for 10 min at 85˚C, and washed with DI water three times. Titanium was 
deposited to a 5 nm thickness as the adhesive layer, followed by the deposition of a 45-nm thick gold layer 
with a thermal deposition system. Micro-slits(width: 3 m, height: 3 m, gap: 3 m) were fabricated by 
standard UV-lithography of SU-8 3005 (MicroChem Corp.) on the chips (Figure 2). 
Cell separation test 
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Horse whole blood (Nippon Biotest Laboratories Inc.) was employed as the test sample. To verify the cell 
separation function, we used chips with microslit array (filter chip) and without it (flat chip). First, the blood 
plasma was measured using an SPR sensing system (Smart-SPR, NTT-AT Corp.) for the determination of the 
base line. Then, the whole blood sample was dispensed on the chips, when we monitored the shift of the SPR 
angle to check the exclusion effect of the microslits. 
SPR-based immunoassay for IgG detection 

Anti-IgG antibodies (goat monoclonal) were covalently immobilized on a sensor surface as follows. A 
carboxy-terminated SAM layer was formed on the gold surface of the sensor chip by 4, 4’-Dithiodibutyric acid 
(DDA). Then, 0.1 M 1-Ethyl-3(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 0.05 M 
N-Hydroxysuccinimide (NHS) in phosphate buffer (PBS) were dispensed onto the chip and incubated for 12 
min to activate the carboxyl groups. After that, the anti-IgG solution (0.5 mg/ml) was applied there and 
incubated for 12 min for covalent immobilization. To block a nonspecific adsorption and deactivate unreacted 
NHS ester groups on the surface, we used 0.1 M ethanolamine/PBS. Then, an IgG solution (rabbit monoclonal, 
0.0005 - 5 mg/ml) was dispensed to the chip, where we monitored the SPR angle shift. As a negative control, 
the same procedures were also performed using anti-BSA antibodies (0.5 mg/ml) 
Detection of IgG in whole blood 

Horse whole blood containing IgG molecules of 800 mg/dl concentration was applied to the 
ligand-immobilized sensor chip, and IgG was detected by the SPR angle shift. The concentration of IgG used 
here (800 mg/dl) is a physiological concentration of human blood [3]. In whole blood testing, various 
biomolecules in blood potentially cause nonspecific adsorption on sensor chip, preventing the determination of 
IgG concentration. Thus, we set reference channel to mask the nonspecific signals. Detection channel was 
covered with anti-IgG molecules signals, whereas reference channel was with anti-BSA molecules to obtain 
nonspecific signals. IgG signal were calculated by subtraction of the signal of the reference channel from that 
of the detection channel. 
(a) 

Microslit

Au
Detection area

10 mm

 

(b) 

 

(c) 

 
Figure 2: Microslit structure of a filter SPR chip. a) Filter SPR chip b) SEM image.cb) 3D profile. 

 
RESULTS AND DISCUSSION 

Cell separation test 

The in situ cell filtration was evaluated by a horse whole blood sample (Figure 3). The time course of the 
SPR angle (sensorgram) shows the increase of the signal after the addition only to a conventional flat chip, 
indicating that blood cells reached sensing area. In contrast, a filter chip shows no change, indicating that cells 
were successfully excluded. These results shows that a filter chip can separate plasma from a whole blood 
sample only by dispensing of the sample on it. 
SPR-based immunoassay for IgG detection 

As the demonstration of the detection of proteins, we used IgG molecules and anti-IgG antibodies as an 
analyte and ligand molecules, respectively. The sensorgrams in the ligand immobilization and analyte binding 
(Figure 4) show that a filter chip allows the immobilization and the detection as well as that in a conventional 
flat chip. 

SPR angle shifts induced by IgG solution of various concentration were shown in Figure 5. SPR angle shift 
of a filter chip shows a curve similar to the flat chip one. This suggests that the microslits do not prevent the 
immunoassay used here. The SPR angle increased in accordance with the concentration of IgG, showing 
sensing performance equivalent to that of the flat chip.  
Detection of IgG in whole blood  

We detected IgG molecule in horse whole blood with filter and flat chips (Figure 6). Table 1 shows the SPR 
angle shifts of filter chip, flat chip and a value calculated from the calibration curve in Figure 5. The filter chip 
gives accurate IgG concentration because of the cell filtration effect, whereas the flat chip shows a large 
difference. 
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These results indicate that the signal of the filter chip agrees with the correct value calculated from the 
calibration curve, whereas that of the flat chip lowered due to the mask effect by blood cells. This suggests 
that the size-exclusion SPR sensing will bring a fast and simple whole blood testing for detecting biomarkers. 

  
Figure 3: Time-courses of SPR angles after applying 
blood cells to a conventional flat chip and a filter 
chip. The black arrow indicates the timing of sample 
loading to the chips.

Figure 4 Time-courses of SPR angles from ligand 
immobilization (anti-IgG antibody) through analyte 
protein binding (IgG/PBS buffer).
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Figure 5: Concentration dependence of SPR angle shift (IgG/PBS buffer). 

 

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

5100 5400 5700 6000

SP
R

 A
n

gl
e

 s
h

if
t 

[d
e

g.
]

Time [sec]

Flat

Filter

 
Figure 6: Time curse of SPR angle shift in IgG/whole 
blood detection.

Table 1. Comparison of SPR angle shift induced by 
binding of analyte protein (IgG) in whole blood 
sample.

 SPR Angle shift value 

Filter Chip 0.20±0.05 deg. 

Flat Chip 0.10±0.03 deg. 

Calculated from 

calibration curve 
0.21 deg. 

( n = 3 ) 
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MICROFLUIDIC THERMAL DIGESTION OF AQUEOUS SAMPLE AT 
TEMPERATURE HIGHER THAN 100OC

Fei Xie1, Baojun Wang1, Tian Dong3, Wei Wang1, 2*, Jianhua Tong3,
Shanhong Xia3, Wengang Wu1, 2, and Zhihong Li1, 2

1 Institute of Microelectronics, Peking University, Beijing, 100871, China;2 National Key Laboratory of Micro/Nano 
Fabrication Technology, Beijing, 100871, China;3 Institute of Electronics Chinese Academy of Sciences, Beijing, 

100190, China 

ABSTRACT 
   This work reported a microfluidic solution for aqueous sample pretreatment at temperature up to 150 oC without 
boiling. The preliminary experimental results showed that temperature over 145 oC along with pressure higher than 
1000 kPa was successfully realized in this continuous-flow chip. The absorbance of the samples after chip digestion 
at 700 nm had a linear correlation coefficient of 0.996 with total phosphorus concentrations varied from 1 mg/L to 5 
mg/L. 

KEYWORDS 
Microfluidic thermal digestion, aqueous sample, high temperature, high pressure.  

INTRODUCTION
With the development of wireless water environment monitoring, on-site total phosphorus measurement is in 

great demands, where thermal digestion is an important sample pretreatment [1]. In conventional thermal digestion, 
aqueous sample along with digestion agent, such as K2S2O8 solution, are heated to 120 oC in a pressurized container 
for organic phosphorus compound decomposition. However, digestion in a pressurized container faces difficulties in 
on-site measurement. Meanwhile, microfluidic solutions for this aqueous sample operation at temperature high than 
100 oC have been rarely reported [2].

In this work, a microfluidic thermal digestion chip for water treatment at temperature over 100 oC without boiling 
is presented. The principle to get high temperature in chip is discussed in details and the fabrication process is also 
given out. The high temperature and high pressure experiments show that this microfluidic chip can provide pressure 
over 1000 kPa and temperature over 150 oC without boiling. Linear correlation coefficient of 0.996 of the 
absorbance of the digested sample at 700 nm is obtained in the total phosphorus digestion experiment, when the total 
phosphorus concentration varies from 1 mg/L to 5 mg/L. 

PRINCIPLE AND FABRICATION
The working principle of the chip is shown in Fig. 1. According to the Hagen–Poiseuille equation, the pressure 

drop in a fluid flowing through a channel is decided by the channel size (fourth power relation) and the flow rate 
(linear relation). The smaller channel (pressure increasing zone) will dramatically increase the pressure in the 
upstream channel. The wider channel (heating zone) will provide a long heating time and reduce the unnecessary 
pressure increasing at certain flow rate. According to the Antoine equation, when P1 is higher than 500 kPa, the 
boiling point of water in the heating zone can be raised to 150 oC, which may guarantee a workable thermal 
digestion in chip. 

Figure 1. Working principle of the present chip with 
pressure and temperature distributions along the 

microchannel. 

Figure 2. Phase chart of the present microfluidic thermal 
digestion chip. The green region refers to the acceptable 

chip design. 
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Except for the heating zone and the pressure increasing zone in Fig. 1, another mixing zone was needed to mix 
the sample and digestion agent, and the mixing was realized by a pure diffusion. In order to get a good mixing result, 
the diffusion length in the mixing zone should be large enough. The final sizes of the channel in the mixing zone 
were LM = 270 mm and WM = 40 µm. The channel depth (D0) was set to 40 µm at first to optimize the other more 
critical dimensions. The channel sizes in the heating zone were designed to be LH = 208 mm and WH = 100 µm based 
on the allowable area. Sizes of the microchannel in the pressure increasing zone (LP, WP) would have a great impact 
on the high pressure performance, and should be designed carefully. Lp is set as 42 mm and Wp was designed based 
on the phase chart, as shown in Fig. 2, in which the temperature of the pressure increasing zone was set at 50 oC. In 
order to keep the time for collecting 50 µL sample (minimum volume for test) in three hours, the minimum flow rate 
(Qmin) was set at 5 nL/s. The minimum pressure 500 kPa was to make sure the boiling point being higher than 150 oC, 
and the maximum pressure of 1500 kPa for the safety consideration. Therefore, the acceptable design window was 
shown as the green area in Fig. 2, and Wp was finally set to 5 µm. 

The fabrication process of this chip was shown in Fig. 3, and the depth (D0) was set as 20 µm and 40 µm in this 
experiment. Microchannels and part of the isolation trench were etched by deep reactive ion etching (DRIE) after a 
photolighography, and the etched wafer was then bonded with glass to form the closed channels. After that, KOH 
solution was used to thin the silicon wafer and SiO2 was deposited on the silicon by a pressure enhanced chemical 
vapor deposition (CVD) before Pt heating/sensing resistances were patterned by a traditional lift-off process. At last, 
the silicon was etched through to make the in/outlet and the isolation trench. 

 

 
Figure 3. Fabrication process of this chip. 

 
Figure 4. Experiment setup (a), photo of the chip 

(b), SEM of the channel in the pressure increasing 
zone (c) with scale bar of 500 µm, and infrared 

photo (d) of an un-packaged chip with the heating 
zone of 145 oC. 

 
EXPERIMENTAL RESULTS 

Experiment setup for both high pressure performance measurement and digestion of total phosphorus is shown in 
Fig. 4a. The chip has three zones separated by thermal isolation trenches (Fig. 4b-c). Fig. 4d shows an infrared photo 
of the chip before package. When TH was 145 oC, TP was about 80 oC, which decreased the water viscosity 
dramatically and made the pressure increasing function degraded considerably [3]. 

 

   
Figure 5. Effect of Tp on the pressure in the heating zone (a) D0=20 µm; (b) D0=40µm. 
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The high pressure performance was firstly measured, and the results are shown in Fig.5, each for depth of 20 µm 
and 40 µm. As shown in Fig.5(b), at the flow rate of 8 nL/s, the pressure in the heating zone dropped from 720 kPa 
to 440 kPa when TP increased from 20 oC to 60 oC. In order to reduce the influence of viscosity decreasing, cooling 
was added onto the pressure increasing zone to stabilize the temperature in the following experiments. The result 
also shows the experiment result matches the simulation well. 

Total phosphorus samples were digested by the present chip, and the absorbance value at 700 nm of the collected 
sample was then measured by spectrophotometer (Biospec-nano, Shimadzu Corp., Japan). The heating temperature 
was set at 145 oC in the following experiment. At first, the influence of the ration of K2S2O8 solution was studied. 
The flow rate of total phosphorus sample was 16 nL/s, and the flow rate of K2S2O8 solution was set each at 2 nL/s, 4 
nL/s and 8 nL/s, which resulted in ratio of 8:1, 4:1 and 2:1. The preliminary experimental result indicated that the 4:1 
had the highest digestion efficiency, so it was fixed in the following experiments.  

Samples with different total phosphorus concentrations were then digested by the present chip and compared 
with conventional methods (5b-1 COD Analyzer, Lianhua Tech., China) along with non-digestion control. The flow 
rate of total phosphorus sample was 16 nL/s, which generated a digestion time of 40 s and a pressure of 690 kPa at 
the inlets. The results were shown in Fig. 7. The absorbance values of chip digestion provided a good linear 
relationship between total phosphorus concentrations (1 mg/L - 5 mg/L), while the linear correlation coefficient 
reached 0.996. The absorbance values of conventional digestion were bigger than the chip digestion, but with a bad 
linearity, which may be caused by the large concentration.  

 
Figure 6. Preliminary digestion performance of the present chip. 

 
CONCLUSIONS 

This work reported a microfluidic reactor for thermal digestion of aqueous sample. The presented chip can 
provide a reaction environment with high pressure over 500 kPa and high temperature over 145 oC without boiling. 
Total phosphorus sample was digested by this chip, and the result showed a good linearity with the varried 
concentrations. 
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A MEMS ISOTHERMAL TITRATION BIOCALORIMETER  
Bin Wang, Yuan Jia, Qiao Lin 

Columbia University, USA 

ABSTRACT 
    We present a MEMS-based isothermal titration calorimeter (ITC) for characterization of biomolecular 
interactions. This device consists of thermally isolated reaction microchambers, chaotic micromixers, and a thin-film 
thermopile. We present experimental results from using the device for ITC measurements of the biochemical 
reaction of 18-Crown-6 (18-C-6) and barium chloride (BaCl2), as well as the ligand-protein binding of cytidine 
2’-monophosphate (2’CMP) and ribonuclease A (RNase A), in a 1-L volume at concentrations as low as 2 mM. 
Consistent temperature-dependent thermodynamic properties are also obtained, demonstrating the potential of the 
device for characterization of biomolecular interactions with minimized reagent consumption. 

KEYWORDS 
MEMS, isothermal titration calorimetry, biomolecular interaction, binding isotherm, differential calorimetry. 

INTRODUCTION
Isothermal titration calorimetry (ITC) directly probes thermodynamics of biomolecular interactions by detection 

of heat evolved as a function of the molar ratio of reactants. It can simultaneously determine all binding parameters 
with a single set of experiments, and thus provides an efficient, high-precision, label-free method for characterization 
of biomolecular interactions. ITC is widely used in various applications such as fundamental scientific investigations, 
drug discovery and biotherapeutic development. However, conventional ITC instruments [1] have been limited by 
complicated construction, slow thermal response, and large reagent consumption. While MEMS technology holds 
the potential to address these issues [2], its application to ITC has been scarce [3]. Current MEMS-based ITC 
approaches typically involve continuous flow-through channels or droplet generation and manipulation. 
Flow-through ITC measurements are conducted typically without well-defined volumes and thus difficult to obtain 
quantitative information associated with the reaction, while droplet-based ITC measurements can be significantly 
affected by energy dissipation via evaporation. In addition, the existing MEMS calorimetric devices generally lack 
mixing capabilities, which is critical for reaction between microfluidic samples, and are generally difficult to 
accurately control the environment temperature for temperature-dependent studies of biomolecular interactions. Here, 
we present a MEMS-ITC device that integrates thermally isolated calorimetric chambers, on-chip microfluidic 
mixing, and sensitive thermoelectric detection. This device allows MEMS-based ITC measurements with well 
defined miniature reaction volumes and at properly controlled temperatures, potentially enabling efficient 
thermodynamic characterization of biomolecular interactions.

EXPERIMENT 
In an ITC measurement, a binding reagent is titrated in known aliquots into a sample, while the reaction heat is 

measured and used to calculate the thermodynamic properties, including the equilibrium binding constant (KB),
stoichiometry (N), and enthalpy change (H). Our MEMS-ITC device (Fig. 1) integrates two identical PDMS 
microchambers (each 1 L) situated on a freestanding polyimide diaphragm and surrounded by air-cavities for 
effective thermal isolation. The chambers are integrated with an antimony-bismuth thermopile and connected to the 
inlets through a passive chaotic micromixer. The mixer uses herringbone-shaped ridges in the ceiling of a serpentine 
channel to generate a chaotic flow pattern that induces mixing of the incoming liquid streams [4]. For ITC 
measurements, the sample and binding reagent introduced into the device are first mixed in the mixer, and then enter 
the sample calorimetric chamber. Meanwhile, the sample and pure buffer are also introduced, becoming mixed 
before entering the reference calorimetric chamber. The differential temperature between the chambers is measured 
using the integrated thermopile, and is used to compute the thermal power from the reaction, and in turn, the 
thermodynamic parameters. 

Chaotic 
mixer

Outlet

Inlets

Contact 
pad

Air gapChaotic mixer

Thermopile

Sample

Sample

Binding reagent

Buffer

Diaphragm

Waste
Reference chamber

Reaction 
chamber

Waste

(a) (b)

Fig. 1. (a) MEMS ITC design and (b) top view of the device schematic. 
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The MEMS ITC device was fabricated using micromachining and soft lithography techniques. The 
microfabricated device integrated a 50-junction Sb-Bi thermopile and two 1-L calorimetric chambers. During ITC 
measurements, the device (Fig. 2) was placed in a custom-built low-noise, temperature-controlled enclosure where 
the thermopile output was measured. The sample and ligand were introduced using syringe pumps. 

20 m

100 m

(a)

1 mm

3 mm

(b)  
Fig. 2. Images of important chip elements on (a) the thermal substrate and (b) the PDMS structure. 

 
Our calibration experiments indicated that the device had a thermal time constant of 1.5 s with a linear 

steady-state thermal response (responsivity: 4.9 mV/mW) (Figs. 3a and b). We also calibrated the device’s sensitivity 
at controlled temperatures (provided by the thermal enclosure) from 20 to 45°C, and found it remained almost 
unchanged with a relative variation of less than 3%. The device was used for ITC measurements of a model 
biochemical reaction system consisting of 18-Crown-6 (18-C-6) and barium chloride (BaCl2). The time-resolved 
device output exhibited a stable baseline throughout the measurements and a reaction-specific spike (Fig. 3c) upon 
introduction of 5 mM BaCl2 and 4 mM 18-C-6 (each 0.5 L) with no appreciable delay, indicating full mixing of the 
reactants. Also note that the reaction completed in approximately 20-30 s, during which interference from solution 
injection (shorter than 1 s) was generally negligible. 
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Fig. 3. Calibration of the MEMS ITC device’s (a) transient and (b) steady-state response to differential thermal 
power; and (c) time-resolved output upon introduction of a model biochemical reaction system. 
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Fig. 4. (a) Device output (baseline subtracted) of the reaction of 5 mM 18-C-6 and BaCl2 at a series of molar ratios 
shown in (b), (c) calculated biochemical heat of binding as a function of molar ratio, with fitted curve to an analytic 
model, and (d) binding isotherm of 18-C-6 and BaCl2 at different temperatures. 
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The baseline-subtracted device output demonstrated spikes consistent with the titration reactions (Fig. 4a) in 
which the molar ratio (BaCl2/18-C-6) was varied from 0.1 to 2 (Fig. 4b). Rather than measuring the heat evolved 
with the addition of several aliquots of BaCl2 to a single sample of 18-C-6 as performed in commercial instruments, 
our ITC experiment was performed at discrete measurements [3] each with a definite molar ratio. The thermopile 
voltage was then used to calculate the thermal power and in turn, the reaction heat during the interaction. The 
reaction heat as a function of reactant molar ratio generated a binding isotherm [5], from which the thermodynamic 
properties can be obtained through fitting to an established analytical model [6] (Fig. 4c). Note that our device 
affords detectable sample concentrations approaching those of conventional instruments (ca. 1 mM) [1] with roughly 
three orders of magnitude reduction in volume. We performed ITC measurements of the reaction of 18-C-6 and 
BaCl2 at controlled temperatures of 23 and 35 ºC (Fig. 4d), and used the resulting binding isotherms to compute the 
temperature-dependent thermodynamic properties of N, KB and H (Table 1). These properties and their temperature 
dependence obtained by our measurements agree reasonably with published data using commercial calorimeters [1]. 

Table 1. Temperature-dependent thermodynamic properties of the reaction of 18-C-6 and BaCl2. 
Temperature (ºC) N KB (M-1) H (kJ/mol)

MEMS-ITC data 23 1.00 ~6.0×103 30.0

35 1.05 ~2.8×103 27.8

Published data 25 1.01 5.63×103 29.9

40 0.97 3.17×103 29.4
 

We further applied the MEMS-ITC device for characterization of biomolecular interactions, e.g., ligand-protein 
binding, using a demonstrative system of cytidine 2’-monophosphate (2’CMP) and ribonuclease A (RNase A) [5]. 
Again, we performed measurements at a series of molar ratios (2’CMP/RNase A) with the evolved heat calculated at 
controlled temperatures of 23 and 35 ºC (Fig. 5). In turn, the temperature-dependent thermodynamic properties 
associated with this biomolecular interaction were determined (Table 2) and again found to agree reasonably well 
with published data using commercial ITC instruments [5]. These results demonstrate the potential utility of this 
MEMS-ITC device for efficient characterization of a wide variety of biomolecular interactions. 
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Fig. 5. Device output (baseline subtracted) of the binding of 2 mM RNase A and 2’CMP at a series of molar ratios, 
and (b) binding isotherm of RNase A and 2’CMP at different temperatures. 

Table 2. Temperature-dependent thermodynamic properties of the binding of RNase A and 2’CMP. 
Temperature (ºC) N KB (M-1) H (kJ/mol)

MEMS-ITC data 23 1.01 ~9.0×104 52.3

35 1.07 ~4.0×104 56

Published data 28 1.00 8.27×104 51.4

38 1.04 4.85×104 57.5
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ABSTRACT
    We investigate the performance of a microfluidic energy conversion system using jetting flow. Preliminary 
results indicate that a voltage can be generated of several kilo-Volts and energy efficiencies can reach 15%. Such 
values are by far the highest obtained for electrokinetic conversion systems and open new perspectives for energy 
conversion. 
 
KEYWORDS
liquid jet, energy conversion; streaming potential.  

 
INTRODUCTION
 
The energy crisis is one of the most pressing topics due to the rapid increase of electrical power consumption and 
projected decreasing availability of traditional sources of energy such as fossil and fuels. Novel sources of electrical 
energy, such as fuel cells and solar cells are therefore developed to replace the traditional sources of energy. Such 
new energy sources should preferably cause less harm to our environment than traditional ones, for example by not 
producing carbon dioxide or toxic chemicals. A relative little know method of energy conversion is electrokinetic 
conversion of fluidic mechanical energy to electrical energy.[1] 
 
Electrokinetic energy conversion relies on the transport of the layer with net charges that is present close to most 
solid/liquid interfaces. When this charged layer is transported in a channel, an ionic current is generated (streaming 
current) as well as a potential difference between the channel ends (streaming potential).[2] In the past ten years, 
many investigators have tried to enhance electrokinetic energy conversion efficiency using micro- or nanochannels. 
The highest experimental efficiencies reached were about 5%[3-5] when nanopores were used in which double 
layers of opposing walls partially overlapped. Theoretical predictions using numerous assumptions predicted 
maximal efficiencies in such systems of 40%. [6] 
 
Recently, Duffin and Saykally reported on the use of a microjet for energy conversion. [7] Under high pressure water 
was forced through a membrane orifice, forming a jet which broke up into droplets. The droplets were charged due 
to the electrokinetic phenomenon described above, and the charged droplets were collected by a downstream 
electrode. These authors found an energy conversion efficiency of around 10% in this two phase system. 
 
In their analysis, Duffin and Saykally attribute the enhancement of efficiency in their two-phase system with respect 
to the values in traditional single phase systems to the occurrence of low resistance fluidic entrance flow in the pore 
due to its short length and high pressure applied, as well as to electrical isolation offered by the air which prevented 
back flow of current. In this paper, we however show that the energy conversion mechanism of this jetting flow is 
radically different from the traditional electrokinetic energy conversion mechanism. We show it relies on a direct 
conversion of the kinetic droplet energy conversion potential energy. This knowledge of the conversion mechanism 
allowed us to minimize the loss factors and obtain a conversion efficiency of 15%. 
 
Setup

 
Figure 1: A liquid jet produced by pressure applied across a Si3N4 membrane pore breaks into (charged) droplets 

which are collected in a stainless steel bowl. Streaming current I1 flows through the pore and current I2 flows through 
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large electrical resistors. Both are measured by a pico-ammeter.  
 

 
Figure 1 shows the scheme of our experimental setup. A silicon nitride membrane was machined with a thickness of 
650nm containing a single pore with a diameter of 10 m. The chip was mounted with a pressurized reservoir and 
liquid was expelled through the pore using a gas source (99% N2) controlled with a high accuracy gas pressure pump 
(Fluigent MFCS). The liquid jet produced from the pore broke into droplets, which were received by a stainless steel 
bowl. Droplets were charged due to the streaming current generated in the pore. Two pico-ammeters were used to 
measure the generated upstream streaming current (I1) as well as the current (I2) flowing from the bowl to ground. 
Series connected resistors (4× 500GOhm; 4× 400GOhm and 2× 100GOhm resistors with voltage ratings 1KV) were 
used to generate the electrical output power, which was calculated by multiplying I2 with the generated voltage 
V=I2Rload.  
 
Loss factors 

Several factors can be identified in this process, which can be split in two stages. Firstly during the pore passage the 
input energy is incompletely converted to kinetic energy due to the friction with the pore wall. We can define the 
efficiency for this conversion as a power ratio:  

  infricporeininkin PPPPPeff 1
  (1) 

where Pkin and Pin (J/s) are droplet kinetic power and hydrodynamic input power, respectively. Here and ppore fric is the 
power dissipation by pore friction. Subsequently, during the passage of the droplets through the air, the kinetic 
energy is in completely converted to electrical energy due to air friction and by charge evaporating from droplets. We 
can define efficiency for this second conversion as: 

  kinevapfricairkinkinel PPPPPPeff 2
    (2) 

where Pel is electrical output power; pair is the power dissipation by friction with air and Pevap is the power loss due to 
charge evaporating from the droplet. The final energy conversion efficiency then can be calculated from multiplying 
the efficiencies of both separate processes: eff = eff1 · eff2. 
 
Experimental results 

Charged droplets were collected by the bowl. They generated electrical current from the downstream reservoir 
through the large resistors to ground, creating a voltage, which produced an electrical field. Since the polarity of 
voltage and droplets are the same, droplets needed to overcome this electrical field to reach the bowl, while being 
subject to other energy dissipation processes, such as air friction and evaporation. 
 
The dissipation by air friction will decrease the velocity of droplets. Hence, to reach the bowl the kinetic energy of 
droplets has to be larger than the sum of electrical energy and air friction energy dissipation. The latter can be 
estimated from drag force: FD = 0.5·ρu2CDA, where ρ is mass density of fluid, CD is drag coefficient; A and u are 
reference area and velocity of droplet. Since Pair fric equals FDdx, the droplets trajectory length (h), is directly related 
to the air friction power dissipation, making it quite more important. 
 

 
Figure 2. Current I1(black) and I2(red) as function of droplets trajectory distance h. I2 decreases quickly as h 

increases, when a 1 Tohm resistance is connected. This decrease is much smaller without a resistance connected. 
 
Figure 2 shows an experiment where we obtained the current (1.9bar applied pressure) as a function of distance h. 
Current I1 is generated at the top reservoir and independent of the distance h, but I2 (both with and without a 1TOhm 
resistance connected) decreases with increasing distance h. I2 however decreases much faster when 1 TOhm 
resistance was connected. This is probably due to the increase in the droplets trajectory time spent in the electrical 
field generated in the bottom circuit: the voltage generated on the bowl will decelerate the droplets, causing the 
charge and droplets to evaporate more.  
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To prevent the charge loss in air, in another experiment we kept the trajectory length h around 3cm and studied the 
influence of the resistance. Upstream (I1) and downstream (I2) current are shown in figure 3a as a function of load 
resistance (Rload). Both I1 and I2 decreased slightly with increasing load resistance. The upstream current was always 
larger than the downstream current, which can be explained by droplet loss in the air.  

  

Figure 3a: Upstream (I1) and downstream (I2) current decreased only slightly with increasing load resistance. b. 
The generated voltage calculated by multiplying I2 and load resistance, could reach 6.77KV.  

 
The generated voltage between bowl and membrane can be calculated by I2·R load, and is shown in figure 3b. It 
increases almost linearly with resistance (maximum 6.77KV). The output power can now be estimated as Pout = I2·V.  

 

 

Figure 4: Energy conversion efficiency increased with load resistance, reaching 15% at a resistor value of 3.3 T.  
 

The input power was estimated by multiplying the constant input pressure (Pin:1.1bar) with the flow rate 
(Q:0.90L/s): Pin = P×Q. Finally, the efficiency obtained (eff = Pout/Pin) is shown in Figure 4. The efficiency 
increased with load resistance, reaching a maximum of 15%. At present experiments are performed to confirm and 
improve these preliminary results. The value of 15% represents the highest value obtained at present in electrokinetic 
energy conversion experiments. 
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ABSTRACT
Here we report a new label-free DNA detection method with direct electronic read, and apply it to long-range PCR. 

This method uses a nonlinear electrohydrodynamic instabilities phenomenon discovered in the nineties: when subjected 
to high electric fields (up to 320 V/cm at 15Hz), suspensions of large charged macromolecules in microchannel, such as 
long DNA molecules, create "giant" dynamic concentration fluctuations.These fluctuations are associated with large 
conductivity fluctuations, and we use here a contact-mode local conductivity detector to detect these fluctuations. 
 
KEYWORDS
Label-free DNA,long range PCR,contact conductivity detection,microchip capillary electrophoresis, wavelet analysis.
 
INTRODUCTION

In order to evolve from a "chip in the lab" to a "lab on a chip" paradigm, there is still a strong demand for label-free, 
low-cost and portable detection technologies, notably for sequence-specific detectionat low concentrations.  Conductivity 
measurements have the advantage of being universal, low-cost and compatible with direct electronic detection. However 
the high voltage required to create DNA aggregates[1] (up to 320 V/cm at 15 Hz) leads to a technological difficulty, 
already known in earlier works dedicated to conductimetric or impedancemetric detection in microchip capillary 
electrophoresis: the presence of electrical  interactions between  the  high voltage power supply (HVPS)  and the 
(typically low voltage)detection electronics [2].  In order to decouple the detection electronics from the high voltage 
excitation one, an original and simple "doubly symmetric" floating mode battery-operated detection scheme was 
developed. A wavelet analysis is then applied to unravel from the chaotic character of the electrohydrodynamic 
instabilities a scalar signal robustly reflecting the amplification of DNA. 

Figure 1: a)Themicrochannel is 5mm length, 40µm high and 150µm wide excepted in the detection zone in the middle of 
microchannel where the width is 160µm. Electrodes for conductivity measurement in contact (ECMC) consist in two 

planar and miniaturized Pt electrodes with 50µm width, 25µm gap and 200nm thick, positioned perpendicularly to the 
microchannel, facing each other, in the detection zone. Balanced voltages are supplied from a high voltage power 

supply(HVPS) to both side of microchannel( Vs ,-Vs), and balanced conductivity detection voltages (32Khz frequency) 
are applied on the ECMC  (Vd, -Vd) b)Three ECMC with associated detection zones. Only one is used for measurements. 

c) A schematic diagram of the measurement set-up. 
 

METHOD 
Microchip fabrication.The microchip is a Glass/PDMS (Polydimethylsiloxane) hybrid microfluidic chipfabricated 

by rapid prototyping. It consists in two layers: a PDMS layer,which contains the microchannel, and a glass substrate, 
which supportselectrodes for conductivity measurement in contact (ECMC) fabricated by lift-off(figure 1a -1b). 
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Detection electronics.We developed  a system with floating ground based on 6 lithium batteries (ultralife, 9V).This 
system consists in 3 low-cost isolation amplifiers ISO124P, 2 voltage controlled current sources, 1 bridge of resistors and 
1 differential amplifier to get an all-electronic, portable and simple device, with a high sensitivity. A schematic diagram 
of the balanced circuit is shown in Figure 2. 

 

Figure2:A schematic diagram of the balanced circuits designed for the detection electronics.  Isolation amplifiers 
eliminate the ground loop due to leakage currents. The low-pass filters are used to suppress ripple voltages from 

isolation amplifiers.   
Experimental procedures. This work is the first implementation of a completely new technology for on-chip 

detection of DNA. It involves two innovations: the detection principle itself, and the nature of the sample detected in chip 
:long-range PCR products. We performed the PCR out of chip, checked the products by conventional gel electrophoresis, 
and injected in the microfluidic chip the raw product of the reaction.Figure 1C shows a schematic of the set-up. 

 
Figure 3: Example of conductivity signals based on 10Hz frequency demodulation of 32Khz conductivity measurement 
signal obtained from raw PCR solutions of negative (without DNA) and positive (with DNA target) control resulting to 

38 cycles of amplification. 
 

Analysis.Figure3 shows an example of results of conductivity signals wherein there is a monotonous baseline drift, 
and a high frequency noise with an irregular roughly periodic pattern. Because the relevant part of the signal is not 
periodic and is chaotic in nature, the wavelet analysis is a qualitatively required component of the analysis. In the wavelet 
analysis, the input signal is convoluted with a set of functions (a wavelet basis) generated from an appropriate local 
functional pattern, that best matches the transient events of interest. 
 
RESULT 

We tested the ability of our wavelet analysis procedure to selectively extract DNA aggregates signals, by 
simultaneously recording the conductivity signal, fluorescent images and the local fluorescence signal in the gap between 
the ECMC (Figure4). Finally, our new technology performance was assessed by applying it to the quantification of long-
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range PCR amplification products from different initial amount of DNA lambda (from 0 to 2.5ng) at different numbers of 
amplification cycles (from 0 to 41 cycles) (figure 5). The limit of detection (LOD) of the present label-free method is 
between 10 and 100fg of initial DNA, at least as good as fluorescence detection. 
 

Figure 4: For increasing amounts of  10kbp DNAextracted from the PCR mixture , suspended in TE (1X) buffer and 
labeled with Syber Gold , correlations are shown between observations of DNA aggregates with A) fluorescence 
imaging, B) the time-derivative  ratio of the fluorescence intensity measured in the detection zone to the one outside the 
microchannel  (FI), C) the specific conductivity signal based on DNA aggregates extracted  

by the wavelet analysis procedure. 

Figure 5: A)Label-free quantification of  DNA  using the wavelet analysis procedurefor various amount of target DNA 
(10fg, 100fg ,1pg, 100pg, 2.5ng) at various amplification cycles (10, 20, 26, 32, 38, 41). The standard deviation for each 
point in panel was calculated from 3 measurements from 3 different aliquots. B) Corresponding densitometric analysis of 

gels performed as control. 
CONCLUSION 

This new concept opens the route to low-cost portable devices for end-point DNA detection, with a sensitivity better 
than 100 fg/µl. The doubly symmetric contact conductivity detection might find many applications in label-free 
electrokinetic separations on chip. The wavelet pattern recognition approach could also help to solve various problems of 
pattern recognition in lab-on-chip applications. 
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ABSTRACT 
    We investigated a conductance-time e profiles DNA/RNA oligomers by mechanically controllable nano-break 
junction (Nano-MCBJ). Based on the difference in the conductance-time profiles, we sequentially identified the 
base-type in the oligonucleotide just passing through the sensing electrode, resulting in the determination of partial 
sequence. From the read signals, the assembled sequence contig was found to be comparable to the original oligomer 
sequence. This method could be applicable to single-molecule electrical identification of DNA/RNA oligomers.   
 
KEYWORDS 
Nanogap electrode, DNA, RNA, Tunnel-Current.  

 
INTRODUCTION 

Single-molecule genome sequencer by using solid-state nanopore device is one of the most promising candidates 
for a realization of $1000 personal genome-sequencing [1]. We have been proposed a tunneling-current based 
identification as a single-molecule DNA/RNA sequencing. This methodology is based on sequentially reading the 
tunneling-current across individual single-nucleotides in the sequence, resulting in a high-speed electrical 
discrimination of the nucleotides sequence without chemical probes and PCR amplifications Theoretical calculations 
have shown that the tunnel-current based identification can identify four base molecules by differences in electric 
current displayed when each one passes between metal gap electrodes [2-4]. In our recent study, each of the 
conductance values was determined for four deoxyribonucleoside monophosphates (dAMP, dCMP, dGMP, dTMP) 
by using nanofabricated, mechanically controllable break junction (nano-MCBJ) and four ribonucleoside 
monophosphates (rAMP, rCMP, rGMP, rUMP), and these values are found to be due to the individual molecular 
energy level. Each of the DNA and RNA conductance values were normalized by dGMP and rGMP, respectively, 
and these relative conductance values were used for the following base-typing in oligonucleotides [5-7]. Herein, we 
report on a tunneling-current based identification of DNA/RNA oligomers only by nanogap electrode. (Fig.1). We 
measured the electron-tunneling of DNA/RNA oligomer in the aqueous solution by using nano-MCBJ. When the 
nucleotide molecules passed between the nanoelectrodes separated by a sub-nanometer gap, the tunneling-current 
through the molecules was increased, relative to that in the absence of molecules. The current intensity was found to 
be closely related to the individual electronic conductance [7-12].. The sequential reading of the tunneling-current via 
nucleotide molecules just passing through the nanogap-electrode results in determination of the partial sequence. 
From analysis on the assembled the overlapped the partial read sequence, we found that the continuous sequence 
was comparable to the original nucleotide sequence, resulting in identification of the DNA/RNA oligomer.  

    
FIG. 1. Single-Molecule Tunnel-Current Based Electrical Detection by using Nano-MCBJ. Sequential reading of the 
tunneling-current across individual single-nucleotides in the sequence. (a)Schematic diagram of single-molecule electrical 
sequencing of DNA and RNA. (b) The four current–time profiles show dGGG, dAAA, dCCC, and dTTT profiles, respectively. The 
right figure represents data point histograms of the current profiles. 

 
EXPERIMENT 

The nano-MCBJ was prepared in the following procedure. First, a gold-wire was fabricated by a standard 
electron-beam lithography method. The gold-wire was mechanically broken by using a piezo-controller, resulting in 
forming a pair of gold nanoelectrodes. After the formation of a pair of electrodes, the nanogap-electrode was 
reconnected, and then the reconnected gold-nanowire was thermally broken under dc 0.1V apply [4]. We found that 
this gold-nanowire self-breaking phenomena reproducibly allow to form 0.5 nm, which is comparable to the size of 
one-gold atom. After the formation of nanogap, by using piezo-controller, the gap distance was tuned to be 0.8 nm, 
which would be comparable to the size of mono-nucleotide molecules, and used in the following electrical 
measurements. The gap distance formed was analyzed by the conductance measurements of the MCBJ devices, and 
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found to be 0.79 ± 0.05 nm. The fact that the gap distance of 0.83 ± 0.08 nm after the experiments was comparable 

to the formed gap distance indicated that the nanogap electrode was stable during the electrical measurements. 

Although electrode gaps far from the value of 0.8 nm were sometimes formed, such extraordinary gaps can be 

readily excluded because the gaps showed abnormal conductance profiles during the self-breaking process. 

 

RESULT AND DISCUSSION 

We investigated the current-time profiles for sample oligonucleotide in aqueous solution. When the nucleotide 

molecules passed between the nanoelectrodes separated by a sub-nanometer gap, the tunneling-current through the 

molecules was increased, relative to that in the absence of molecules. The current-increase in the signals is induced 

by the facilitation of tunneling-current through the nucleotide molecule, and is closely related to the individual 

electronic conductance.  
First, homobase-oligonucleotides, i.g., GG, GGG, GGGG, were investigated, and such the current-increased 

signals were observed. The current-signal intensity for these G oligomers was comparable to those of singlet-G 

nucleotides previously reported. Similarly, the current intensity of AAA, TTT, CCC oligomer were also comparable 

to those of A, T, C single-nucleotide, respectively. At the same time, the retention-time for the GGG, GGGG current 

signals was significantly long, relative to that for singlet-G nucleotides. These results indicate that the 

oligo-nucleotide required long time enough to flow through the gap-electrodes, relative to that for the 

single-nucleotides because of the difference in length of DNA strand. As it is well known that amino functional 

groups weakly bond to a gold surface, it is possible that the amino group of nucleotide base molecules could get 

temporally stuck while flowing through the gold electrode nanogap. In the previous study, we measured the 

single-molecule of benzenediamine in a liquid environment using the same technique employed in this study and the 

dwell-time length was experimentally found to about one-mililiseconds, which is comparable to the present duration 
signal-time. It was suggested that binding of these molecules occurred between the electrodes, so that the dwell-time 

length of residing at the nano-gap gold electrode would be longer.  

Next, heterobase-oligonucleotides, i.g., GTG, GCG, GAG and UGAGGUA., were observed. The characteristic 

current-signals with long retention-time were also obtained, but the current-fluctuation in the current-profile of the 

hetero-base nucleotide signals were completely different from homo-base nucleotide signals. The histogram of 

current-profiles reveals multiple-peaks. For example, the histogram of GTG current-signals revealed double-peaks, 

which indicates the G and T signals in the GTG sequence, respectively. Similarly, the double-peaks were also 

observed for TGT, ATA, CAC, GAG tri-nucleotides, and triple-peaks were observed for UGAGGU and 

TTGTATAGT, TGTGATAGT. This result shows that the number of the peak represent the number of base molecules 

in sample sequence. In addition, each of the peaks in the histogram of I-t profiles was assigned to their base-species, 

compared to the single nucleotide conductance values. For example, in the GTG I-t profile, the two peaks for relative 
conductance of 1.00 ± 0.25, and 0.35 ± 0.12 were comparable to the relative conductances of 1.00 ± 0.29 for single G, 

and 0.45 ± 0.12 for single T, respectively, so that they would be assigned to G and T in the GTG triplet-nucleotide, 

respectively. Similarly, the three peaks in the current histogram constructed from UGAGGUA I-t profiles were 

assigned to rGMP, rAMP and rUMP, since the relative conductance values of 1, 0.71 and 0.47 agree with those of 

these single base molecules for RNA. Fig.3 show a typical I-t profiles of DNA oligomer, of which the sequence is 

comparable to let 7a TGAGGTAGTAGGTTGTATAGTT. The current histograms were constructed from the I–t 

profiles and reveals three-peaks. For these three peaks, the relative conductances of 1.00 ± 0.37, 0.73± 0.23, and 0.54 

± 0.33 were assigned to G, A, and T, respectively. These results indicates that the obtained signal detect the 

composition of base is found I-t profiles contain the base-species. 

 

    
Fig.2 Conductance histograms and current–time (I–t) profiles of hetero-base tri-nucleotides (GTG (a), and TGT (B)). The left and 
right panels show the conductance histograms and I–t profiles The conductance histograms were constructed from full data 
points obtained from the corresponding right panels (I–t profiles). Each low- and high-conductance peak observed in each 
histogram corresponds to the base current and single-molecule conductance of the base molecules. Enlarged TGT and ACA 
current-profiles are shown in (c) and (d). Each of the conductance-steps can be assigned to the base-species. 

 

Finally, based on the time-profiles, the fragmented sequence were determined, and compared to the original 

sequence. The signal assignment and reading procedure is shown in the following. First, we constructed current 

histograms using all the data obtained from the I–t profiles. Second, each of the peaks for the histograms was fitted 

to normal distribution, and the peak conductance values and standard deviation were determined. Third, for each of 

the peaks, the relative single-molecule conductance was calculated, and the base-species for the peak were assigned, 

compared to the single nucleotide conductance values. Fourth, each of the probability for each bases and the baseline 

were calculated from the equation of Gaussian function. Fifth, based on the highest-probabilities within the one 
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millisecond retention-time among the calculated base and baseline probabilities, the base-species or baseline were 

sequentially assigned, and then the fragment read signals were assembled into a continuous sequence. The read 

sequence represents the fragment sequence of sample nucleotide passing through the sensing electrode so that the 

read signals have two characteristics. First, the sequential base-type determined signals were found to be the partial 

sequence that reflects the “partial transit” of the nucleotides at the nanoelectrode. In the second, this duplication read 

is sometimes inserted in the read sequence. For accurate determination of the original sequence, the long and straight 

reading is preferable for the signal assembly. The fragmented and/or duplicated reading might be due to stochastic 

motions of the oligonucleotide around the gap-electrode, which originates from Brownian motion. In order to 

regulate the stochastic flow of the oligonucleotide through the electrode gap, a “gating nanopore”, which is 

composed of solid-state nanopores and nanogap electrodes, could be one of the solutions because this nanopore is 

expected to control the dynamic flow through nanogap electrodes. 

   
Fig.3 Conductance histograms and current–time (I–t) profiles of DNA oligomer (sequence: TGAGGTAGTAGGTTGTATAGTT). 

The left and right panels show Conductance–time profiles and the conductance histograms, respectively.  

 

CONCLUSION 

We developed a tunnel-current based single-molecule identification methodology for RNA/RNA oligomers. 

Based on the determined electrical conductivity, we sequentially identified the base-type in oligonucleotide just 

passing through the sensing electrode, resulting in the determination of partial sequence. The read signals were 

assembled into a continuous sequence, which was comparable to the original oligomer sequence. This 

single-molecule electrical sequencing using nano-MCBJ can be used to randomly identify sequences of single base 

DNA molecules. This method could be one of the promising whole-genome sequencing strategies for personalized 

medicine.   
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ON-CHIP ISOTACHOPHORESIS AND FUNCTIONALIZED HYDROGEL 
CAPTURE FOR SENSITIVE MICRO-RNA DETECTION 

Giancarlo Garcia-Schwarz,1 Juan G. Santiago1 
1Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, USA 

ABSTRACT 
We integrate on-chip isotachophoresis (ITP) and photopatterned functionalized hydrogels to perform rapid 

high-sensitivity detection of nucleic acids. We use ITP to enhance hybridization kinetics between target microRNAs and 
reporter oligos and remove excess reporters with a functionalized polyacrylamide capture gel. We achieve over 
4000-fold background signal reduction, ~1 pM sensitivity, 4 orders of magnitude dynamic range, selectivity for mature 
microRNAs, and running time under 10 min. 

KEYWORDS 
isotachophoresis, functionalized hydrogels, photopatterning, hybridization, microRNA 

INTRODUCTION 
Analysis of low-abundance nucleic acid (NA) biomarkers for clinical applications requires the use of bioanalytical 

techniques able to rapidly detect and accurately quantify small amounts of NAs. We use an on-chip electrokinetic 
focusing technique called isotachophoresis (ITP) to enhance reaction kinetics in hybridization-based analytical assays. 
We here present a new ITP-based hybridization assay that integrates a photopatterned functionalized hydrogel for 
high-sensitivity NA detection. We demonstrate this technique using an important class of emerging biomarkers called 
microRNAs. The work described here was very recently published as Garcia-Schwarz et al.; we here provide a summary 
of this work and additional information and data published as supplementary information.[1] 

microRNAs are short (~22 nt) non-coding molecules identified as cancer biomarkers with important diagnostic and 
prognostic value.[2-6] Absolute quantification of microRNA species is extremely challenging as microRNAs are low in 
abundance,[7] their concentrations can vary by three orders of magnitude,[8] and active (mature) microRNAs are not 
easily distinguished from longer (~70 nt) inactive precursors that contain the entire active sequence.[5,6] Current 
approaches for microRNA detection rely on qPCR, which is sensitive to contamination, offers poor quantification limited 
to roughly 2-fold changes in concentration, requires validated internal controls for absolute quantification, and is not 
easily automated for use in clinical settings.[5,6,9-11] Other microRNA profiling such as northern blotting and 
microarrays require either large amounts of sample (~10 !g total RNA) or very long incubation times (~1 day).[5,6,12]
While we developed a technique using ITP and molecular beacons for nucleic acid profiling,[13,14] the dynamic range 
and sensitivity of molecular beacons-based assays is limited by significant background signal associated with 
fluorescence quenching inefficiencies.[5] 

The assay presented here addresses these limitations by integrating ITP-based rapid hybridization and a 
functionalized hydrogel stationary phase (Fig. 1A). This combination allows for separation of hybridization and signal 
transduction phases. We first focus together microRNAs and fluorescently-labeled reporters using ITP. To perform ITP 
we choose leading (LE) and trailing electrolytes (TE) having respectively higher and lower mobility than the NAs being 
focused. ITP readily achieves 104-fold preconcentration of NAs, and therefore dramatically enhances the second-order 
hybridization reaction between complementary sequences.[15] 

After ITP-aided hybridization the focused sample enters a photopatterned hydrogel region designed to remove excess
reporters. This capture gel is functionalized with immobile DNA molecules with sequence complementary to fluorescent 
reporters. Reporters already hybridized to target microRNAs continue to migrate due to slow off-rates, while unreacted 
reporters remain exposed and bind to the functionalized hydrogel matrix (Fig. 1A,B). We have used quantitative 
fluorescence measurements to show that this capture strategy results in over 4000-fold reduction in background signal, 
thus conferring high sensitivity and large-dynamic range detection to our technique. 

 
Figure 1. (A) Schematic of microRNA detection assay. ITP accelerates target-reporter hybridization upstream of 
functionalized capture gel. The ITP zone then migrates into a DNA-functionalized gel region with immobilized probes 
complementary to reporters. The gel removes un-hybridized reporters while hybridized reporters remain focused and 
can be detected downstream. (B) Experimental images demonstrating ITP gel capture. ITP-focused reporters migrate 
through a hydrogel functionalized with probes complementary to reporters. After the ITP zone sweeps by, we observe 
a low-level fluorescent signal left behind in the gel corresponding to immobilized reporters.  
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EXPERIMENTS 
We performed experiments with a custom point-confocal microscope setup (Fig. 2A). We prepared LE pre-polymer 

solution containing 100 mM HCl, 200 mM tris, 2.5 mM MgCl2, 4%T acrylamide/bisacrylamide monomer (19:1), and 
0.13% (w/v) VA-086 photoinitiator. We patterned the microfluidic channel by filling with pre-polymer solution with and 
without acrydite-modified DNA capture oligos followed by polymerization by flooding the chip UV light. Following 
polymerization, we replace contents of the North well with TE containing 10 mM HEPES, 20 mM tris, 90% formamide, 
and 2 nM reporter oligo combined with varying concentrations of target microRNAs. We then performed ITP by 
applying constant current (1 µA) between the LE and TE reservoirs and detected the ITP peak following the 
hybridization and capture regions (Fig. 2B). 
 

 
Figure 2. (A) Schematic depiction of the experimental setup used to visualize the fluorescent signal from end-labeled 
reporters. The custom point-confocal microscope setup is constructed around an inverted epifluorescent microscope 
with 60X water-immersion objective. We use a 635 nm diode laser for illumination and a photo-multiplier tube (PMT) 
for detection. We use a 400 µm pinhole to filter out-of-plane light. (B) Gaussian best fits to the measured fluorescence 
signal with varying amounts of let-7a target. Below ~140 nM signal scales with target concentration. 

 
RESULTS & DISCUSSION 

We performed titration experiments in order to quantify the dynamic range and limit of detection (LOD) of our assay. 
These experiments demonstrated 4 orders of magnitude dynamic range with absolutely no change in assay conditions 
(Fig. 3A). Under these conditions, and without further optimization (e.g., temperature, denaturant concentration), Fig. 3B 
demonstrates an assay limit of detection of 2.8 pM (P = 0.0005). While in this study we do not address high-stringency 
microRNA detection, we measured the resulting signal from a near-complete mismatch microRNA (miR-15a). We found 
that 140 pM let-7a yields a fluorescence intensity of ~80 times higher than the same amount of miR-15a. In addition, the 
mismatch signal was not statistically distinguishable from the negative control signal. 

We model the hybridization process using a three-species reaction model. This model assumes that reactions occur in 
a homogeneous bulk, and we include a fitting parameter, F, which represents the rate of accumulation of reporters and 
microRNAs in the ITP zone. Under these assumptions, the governing equations are: 

dcH

dt
= koncRcT − koff cH  ,

dcT

dt
= −koncRcT + koff cH + FcT ,0  ,

dcR

dt
= −koncRcT + koff cH + FcR,0

 
Here ci is the species concentration where the index i stands for hybrid (H), target (T), and reporter (R) species. The 
parameters kon and koff are the on- and off-rates, respectively, describing the NA hybridization kinetics (here we assume 
kon = 106 M-1s-1 and koff = 10-15 s-1). As demonstrated in Fig. 3A, our approximate model shows excellent agreement with 
titration experiments. 

We address selectivity for mature microRNA versus precursor microRNA by incorporating a second functionalized 
hydrogel used to remove precursors from the focused zone. This region targets the loop sequence of precursor 
microRNAs (not present in the mature sequence). We demonstrate in Fig. 3A that the presence of precursor does not 
affect accurate absolute quantification of mature microRNAs. 

 
CONCLUSIONS 

We have introduced an on-chip electrokinetic microRNA detection assay with picomolar sensitivity, selectivity for 
mature microRNAs over inactive precursors, 4 orders of magnitude dynamic range, and the capability to analyze < 300 
fg of target microRNA in under 10 min. Our assay presents a unique and highly-quantitative framework generally 
applicable to detection of biomolecules and reactants. 
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Figure 3. (A) Titration curve spanning five orders of magnitude, from 1.4 pM to 140 nM of let-7a microRNA. The 
assay exhibits a quantitative dynamic range of approximately 4 orders of magnitude (with no changes in assay 
conditions). Shown with data (solid line) is a plot of results from our model with a single, global scalar fitting 
parameter. (B) Limit of detection study showing mean signal intensity for negative control, 2.8 pM let-7a, 140 pM 
let-7a, and 140 pM of mismatch species (miR-15a). We successfully distinguish between negative control and 2.8 pM 
let-7a (P = 0.0005). (C) Demonstration of selectivity for mature microRNAs. The enhanced hybridization region 
contains an immobilized oligo targeting the loop sequence of the let-7a precursor. The plot shows mean integrated 
signal intensity for negative control and 140 pM let-7a, pre-let-7a, and each of let-7a and pre-let7a. The pure 
precursor signal is slightly higher than the control signal, and we attribute this to the difficulty in synthesizing long 
RNA oligos of high purity. We estimate the purity of our pre-let-7a sample is only approximately 31%. 

REFERENCES 
[1] Garcia-Schwarz, G. & Santiago, J.G., Integration of On-Chip Isotachophoresis and Functionalized Hydrogels for 

Enhanced-Sensitivity Nucleic Acid Detection, Anal. Chem. (2012), DOI: 10.1021/ac301586q. 
[2] He, L. & Hannon, G.J., MicroRNAs: small RNAs with a big role in gene regulation, Nat. Rev. Gen. 5 (7), 522 (2004). 
[3] Lu, J. et al., MicroRNA expression profiles classify human cancers, Nature 435 (7043), 834 (2005). 
[4] Tricoli, J.V. & Jacobson, J.W., MicroRNA: potential for cancer detection, diagnosis, and prognosis, Cancer Res. 67 

(10), 4553 (2007). 
[5] Cissell, K.A., Shrestha, S., & Deo, S.K., MicroRNA detection: challenges for the analytical chemist, Anal. Chem. 79 

(13), 4754 (2007). 
[6] Baker, M., MicroRNA profiling: separating signal from noise, Nat. Meth. 7 (9), 687 (2010). 
[7] Persat, A., Chivukula, R.R., Mendell, J.T., & Santiago, J.G., Quantification of Global MicroRNA Abundance by 

Selective Isotachophoresis, Anal. Chem. 82 (23), 9631 (2010). 
[8] Chen, C. et al., Real-time quantification of microRNAs by stem-loop RT-PCR, Nucleic Acids Res. 33 (20), e179 

(2005). 
[9] Corless, C.E. et al., Contamination and sensitivity issues with a real-time universal 16S rRNA PCR, J. Clin. 

Microbiol. 38 (5), 1747 (2000). 
[10] Bustin, S.A. & Nolan, T., Pitfalls of quantitative real-time reverse-transcription polymerase chain reaction, J. 

Biomol. Tech. 15 (3), 155 (2004). 
[11] Benes, V. & Castoldi, M., Expression profiling of microRNA using real-time quantitative PCR, how to use it and 

what is available, Methods 50 (4), 244 (2010). 
[12] Wang, H., Ach, R.A., & Curry, B., Direct and sensitive miRNA profiling from low-input total RNA, RNA 13 (1), 

151 (2007). 
[13] Persat, A. & Santiago, J.G., MicroRNA Profiling by Simultaneous Selective Isotachophoresis and Hybridization with 

Molecular Beacons, Anal. Chem. 83 (6), 2310 (2011). 
[14] Bercovici, M. et al., Rapid Detection of Urinary Tract Infections Using Isotachophoresis and Molecular Beacons, 

Anal. Chem. 83 (11), 4110 (2011). 
[15] Bercovici, M., Han, C.M., Liao, J.C., & Santiago, J.G., Rapid Hybridization of Nucleic Acids Using 

Isotachophoresis, Proc. Natl. Acad. Sci. (2012), DOI: 10.1073/pnas.1205004109. 

ACKNOWLEDGMENTS 
We gratefully acknowledge funding from DARPA sponsored Micro/Nano Fluidics Fundamentals Focus (MF3) Center 
and member companies. G.G.-S. is supported by a Shustek Stanford Graduate Fellowship. 

CONTACT 
J.G. Santiago  650-723-5689 or juan.santiago@stanford.edu 

 209



NEURAL STEM CELL DIFFERENTIATION IN VASCULAR 
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ABSTRACT 

Here, we present a novel method to create in vivo-like vascular microenvironment of neural stem cell (NSC) and 
to quantify the influences of three-dimensional vascular microenvironment for guiding the differentiation of NSCs 
embedded in extracellular matrix using quantitative real-time polymerase chain reaction (qRT-PCR). Using our new 
assay, we found that NSC differentiation in reconstituted vascular microenvironment differs from the one in macro in 
vitro system (Qin Shen et al., Science, 2004). 
 
KEYWORDS 
neural stem cell (NSC), microenvironment, in vitro, differentiation, microfluidics 
 
INTRODUCTION 

The mechanisms underlying neural stem cell (NSC) differentiation and self-renewal are keys to understand 
neurodegenerative disorders and central nervous system (CNS) injury.[1-4] NSC microenvironments, including brain 
endothelial cells, extracellular matrices (ECMs), neural stem cells and differentiated cells (e.g. neuron and glia), 
regulate differentiation of NSC through soluble factors, cells-cells interactions and cells-ECMs interactions in 
micro-scale (Fig.1).[5-7] 

Most in vitro studies of NSC differentiation, however, have been concentrated on effects of soluble factors on 
NSC differentiation using macro systems.[8-10] Qin Shen et al. [8] reported that endothelial cell (EC)-derived 
soluble factors stimulate self-renewal and delay NSC differentiation. In their report, a transwell assay was used to 
examine the interaction between ECs and NSCs. In macro-scale, however, the molecules secreted by the NSCs and 
the ECs cannot be accumulated, but can easily diffuse away.[11] Recently, we reported 3D ECM-mediated NSC 
differentiation in microfluidic device.[12] In our previous work, we have successfully shown the significance of 3D 
microenvironmental cues on NSC differentiation using a microfluidic device. For more physiological model, 
however, ECs should be co-cultured with NSCs in 3D micro-scale. 
 
EXPERIMENT 

Here, we report a new assay to create in vivo-like vascular microenvironment of NSC and to quantify NSC 
differentiation in 3D micro-scale using qRT-PCR. For 3D vascular microenvironment, an upper part of the 
microfluidic device was fabricated with poly(dimethylsiloxane) (PDMS) by a soft lithography so as to have one 
channel for 3D NSC culture in the center channel and two side channels for EC culture (Fig.2). For qRT-PCR 
analysis, PDMS membrane (~80 μm; Korea Bio-IT Foundry center, South Korea) was used as a bottom part of the 
device. The upper and bottom part were then boned using oxygen plasma. NSCs were isolated from E13 embryos of 
imprinting control region (ICR) mice (Samtako, South Korea). These isolated NSCs were then cultured in T75 tissue 
culture flask at a density of 2 × 105 cells/ml. The NSCs were cultured in Dulbecco’s Modified Eagle Medium 
/Nutrient Mixture F-12 medium (DMEM/F12; Gibco, USA) supplemented with 20 ng/ml of basic fibroblast growth 
factor (bFGF; Sigma, USA), 20 ng/ml of epidermal growth factor (EGF; Sigma, USA), and N-2 supplement (Gibco, 
USA). The culture medium was added to the tissue culture flask every 48 hours. Type I collagen (3.44 mg/ml, rat tail 
collagen type I; BD, USA) solution was prepared for 3D NSC culture in the microfluidic device. Collagen solution 
was mixed with 10X phosphate buffered saline (PBS, Thermo Scientific, USA), 0.5 N NaOH and distilled deionized 
water. Final concentration of the collagen solution was 2.0 mg/ml at pH 7.4. NSCs were then suspended with the 
collagen solution at a density of 5 × 106 cells/ml. Collagen with NSCs was allowed to gel in a humid chamber for 30 
minutes. After gelation, ECs were seeded into the side channels and cultured in DMEM/F12 in the absence of 
mitogenic factors (bFGF, EGF). The growth medium was replaced every 24 hours. Four days after culturing NSCs 
embedded in collagen gel, the PDMS membrane was detached from the upper part of the device for qRT-PCR. The 
NSCs were harvested with micropipette, and then these cells were analyzed with qRT-PCR system (StepOne Plus; 
Applied Biosystems, USA) 

Interestingly, our result differs from [8] in the macro-scale NSC differentiation in the presence or absence of EC 
(Fig.3). This might reflect the ability of micro-scale ECM to accumulate soluble factors released from EC and/or 
NSCs. Therefore, microenvironments reconstituted in our microfluidic system, which mimics in vivo regional 
conditions of NSC differentiation, might amplify autocrine/paracrine signals originating from EC/NSCs-derived 
soluble factors.  

We expect that understanding NSC differentiation in vascular microenvironment could be of great significance 
for stem cell research targeting, such as Alzheimer’s disease and multiple sclerosis.[13, 14] Details regarding the 
differentiation in the vascular microenvironments will be presented in the conference. 
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Figure 1. Differentiation of neural stem cells in vascular microenvironment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. (a) A schematic diagram depicting microfluidic device fabrication and cell collection for quantitative 
real-time polymerase chain reaction (qRT-PCR). (b) The macro-scale co-culture system in [8]. Height between 

endothelial cells (ECs) and NSCs: 1mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Hes1, Hes5 and Ctnnbip1 are up-regulated in the NSC/EC microfluidic co-culture. 
n=4; **P < 0.01 and ***P < 0.001; Student’s t-test 
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ABSTRACT 
We present here further development of an artery-on-a-chip (AOC) technology in which multiple small blood 

vessel segments are co-hosted on a single microfluidic platform. We previously introduced an organ-based 
microfluidic platform to investigate small blood vessels for probing structure and function [1]. In this contribution we 
present a further development of the platform that accommodates three mouse mesentery artery segments and allows 
their function to be assessed in parallel. 

KEYWORDS 
Small blood vessel, Artery-on-a-chip, Organ-on-a-chip

INTRODUCTION
Resistance arteries (diameter range from 30 µm to 300 µm) play an important role to regulate blood pressure 

homeostasis by maintaining constant blood flow through different tissues. The maintenance of blood flow is 
modulated by dynamically changing the artery inner diameter (tone) and thereby the peripheral vascular resistance. 
The regulation of artery tone plays a key role in many cardiovascular diseases, particularly in hypertension, heart 
failure and diabetes [2]. 

The conventional method of probing a single small blood vessel in vitro is pressure myography where a blood 
vessel segment is manually cannulated, i.e., it is sutured on both ends onto glass micropipette tips [3]. Pressure 
myography requires highly trained personnel and is very labor consuming. Despite its ability of functionally assessing 
an intact cardiovascular organ, the technique’s lack of scalability has so far limited its use to microvascular research 
laboratories and prevented its introduction in the biopharmaceutical drug development process. 

The long-term goal of this project is to harness the scalability of a microfluidic approach that allows investigating 
the structure, function, and interaction of intact small blood vessels. Recently, our group developed an artery-on-a-chip 
(AOC) platform to perform dose response experiments on a single resistance artery [1]. Here, we present further 
development of the device that accommodates multiple small blood vessels. Figure 1 schematically compares 
characteristics of the present approach with the manual pressure myography technique. 

Figure 1. Schematic comparison between organ-based approaches for probing intact small blood vessels. The 
conventional pressure myography technique (top) allows probing a single vessel, whereas the present microfluidic 
platform (bottom) allows hosting and simultaneously assessing multiple vessels. Its advantages are scalability, cost 
effectiveness and an increased experimental throughput.  

EXPERIMENTAL 
A microfluidic device was designed to host three small blood vessels and to perform a functional bioassay. The 

current chip design is composed of individual three loading wells, three sets of fixation channels, three perfusion 
channels and one superfusion channel of artery segments (Figure 2a, b). One source superfusion fluidic stream 
distributes six superfusion channels to deliver drug to the side wall of the vessels. Figure 2c shows a fabricated device 
of in the regions of interest. The device was fabricated by using standard single-layer soft lithography in a 
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poly(dimethylsiloxane) (PDMS) substrate bonded to a glass slide.  
Mesenteric artery segments were obtained from 10-14 week old wild type CD1 mice (Charles River, Montreal, 

Canada). A small resistance artery was isolated and carefully dissected from the 2nd of 3rd order of mesenteries. Once 
connective tissue was removed from the artery by using ultra-fine forceps and scissors (Fine Science Tools, 
Vancouver), an approximately 1.5 mm long vessel segment was obtained. The prepared vessel segments were then 
opened on both ends to allow for the luminal perfusion and to maintain physiological levels of the transmural 
pressure. All mesenteric artery preparation was done under a dissecting microscope. 

Artery loading process and dose-response measurement were described in detail by Günther et al.[1] Briefly, the 
first artery segment was inserted into the first loading well and a syringe pump that was operated in the withdraw mode 
allowed positioning the segment in the first inspection area. Once the artery segment reached its dedicated position, the 
vessel was then immobilized by applying a subatmospheric hydrostatic pressure at the fixation channels located at 
both vessel ends. Subsequently, the second and third artery segments were loaded as the same manner. Prior to testing 
the viability of the chip-hosted vessels, a transmural pressure of 60 mmHg was applied on all vessels and the 
temperature was maintained to physiological levels (37.0 °C ) using a metal-deposited on-chip heater.  

A functional bioassay was performed by administrating phenylephrine, a vasconstrictor. Two individually 
controllable syringe pumps delivered a physiological buffer solution and a drug solution that were diffusively mixed 
before being subjected to the vessel abluminal side. The vessel tone was measured from bright-field images in real 
time with a high resolution CCD camera (Q Imaging, 1280×1024 pixels) and recorded by a custom LabVIEW program 
(National Instruments). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Design and working principle of artery-on-a-chip platform hosting three small blood vessel segments 
(a) Overall lay-out of a chip design with a size of 50 mm (w) × 75 mm (h), (b) Enlarged view of regions of interest, 
red arrows indicate perfusion channel; light blue arrows for superfusion channel and yellow arrows for fixation 
channel. Arrows indicate the direction of flow. (c) Microscopic image of the region of interest from a fabricated 
device (without blood vessel segments loaded).  
 
RESULTS AND DISCUSSION 

The assessment of the microfluidic platform was evaluated by positioning three mouse mesenteric artery segments 
in their appropriate locations and performing functional bioassays to determine viability. Figure 3a shows bright field 
micrographs of the three vessels loaded and fixed within the region of interest. The ability to consistently load the 
second and third vessel segment required the unwanted interference caused by crosstalk between the different 
inspection areas to be reduced by increasing flow resistance. Individual fixation channels that were operated at a 
subatmospheric pressure of 45 mmHg allowed to individually and subsequently fixate artery segments. The result of 
phenylephrine-induced dose response shows the three vessels are intact in three different organ baths introduced at 3 
µM phenylephrine concentration (Figure 3b). Figure 4 shows the result of dose-dependent response as a function of 
phenylephrine concentration. The phenylephrine was delivered to vessels by upstream diffusive mixing of a 
physiological buffer solution and phenylephrine at a total flow rate of 2 mL/h. Different concentrations of 
phenylephrine (0.9 µM, 1.5 µM, 2.1 µM and 3 µM) were obtained by changing the relative flow rates of the two 
streams while the total flow rate remained constant. Comparable dose-response relationships were obtained for the 
three vessel segments. We conclude that the smooth muscle cells in our engineered microenvironment are intact and 
will be feasible to further assess endothelial cell viability as well as vessel-to-vessel interaction using modified chip 
designs. 

The present artery-on-a-chip platform allows multiple vessels to be loaded and enables functional bioassays to be 
performed on intact small blood vessels. Compared to pressure myography, our platform significantly increase the 
throughput by hosting multi-vessels for the investigation of intact small resistance artery and may provide one step 
towards the adaptation of the artery-on-a-chip platform in the context of cardiovascular research and drug 
development.  
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Figure 3. (a) Bright-field micrograph showing three loaded mouse mesenteric arteries, (b) Image showing the 
constriction of three vessel segments after drug administration. The region of interest is 2.1 mm (w) × 1.7 mm (h), at 
a resolution of approximately 1.7 µm/pixel. A 4× magnification was used and the organ bath had a size of 
500 µm (w) × 300 µm (h). All three vessels were kept in identical microenvironments regarding their temperature, 
transmural pressure and drug concentration. 

Figure 4. Measured phenylephrine dose-dependent response (a) Change of artery outer diameters and (b) 
Percentage of constriction, (Dmax-D)/Dmax (n=4). Organ baths 1, 2 and 3 indicate in Figure 3 the center, left and 
right locations, respectively. 
 
CONCLUSION 

We have successfully demonstrated the development of an artery-on-a-chip platform for the simultaneous 
functional assessment of three intact small blood vessels. Three mouse mesenteric arteries were co-hosted in three 
individual organ baths. The functional response to the constrictor phenylephrine was similar for the three vessels. We 
anticipate an increased utility of the increased experimental throughput of our platform in the context of cardiovascular 
drug development on intact and perhaps in the future even tissue-engineered small blood vessels. 
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ABSTRACT
Improvements in neutrophil chemotaxis assays have enabled significant advances in understanding the mechanisms 

of neutrophil recruitment, however current methods are still limiting due to high sample volume requirements, low 
experimental throughput, or complex assay protocols. We report a microfluidic technology that performs neutrophil 
sorting and chemotaxis on-chip within minutes using nanoliters of whole blood and only requires a micropipette to 
operate. The platform was adapted to incorporate an endothelial cell monolayer; perform chemotaxis on mouse 
neutrophils; and human neutrophil chemotaxis in 3D. Finally, the platform was employed in a clinical setting to diagnose 
asthma in human patients.

KEYWORDS
Microfluidics, passive pumping, neutrophil chemotaxis, asthma diagnostics; FeNO;

INTRODUCTION
      Chemotaxis, the ability of a cell to directionally migrate towards a chemical stimulus, is central to biological 
processes such as wound healing and cancer progression. Many assays have been developed to study chemotaxis such as 
the Boyden Chamber[1] and micropipette-based[2] assays; however, these techniques limit biological and clinical 
inquiry in certain areas. Here we present a comprehensive microfluidic solution, dubbed Kit-on-a-lid-assay (KOALA) 
for chemotaxis, that performs neutrophil purification from nanoliter volumes of blood in minutes; generates repeatable 
chemotactic gradients; and does not require specialized equipment to operate. The platform makes possible the study of 
neutrophil chemotaxis in multiple applications (Figure 1).
      The user-friendliness; low sample volume requirements; and rapid setup time allowed for the use of KOALA 
technology in a clinical setting for asthma diagnostics.  Asthma is currently diagnosed using a variety of quantitative and 

Figure 1. (a) Comparison of traditional chemotaxis assays and KOALA. (b-e) Applications of KOALA.
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qualitative methods, although current methods still lead to over- and under-diagnosis for certain populations. Neutrophils 
are commonly associated with severe asthmatics and are known to be a primary effector cell in the pathogenesis of the 
disease. We assayed neutrophil chemotaxis for mildly asthmatic and non-asthmatic patients in order to determine 
whether neutrophil function could be used to diagnose asthma.

MATERIALS AND METHODS
      We fabricated the KOALA platform using standard soft lithography methods with Poly-dimethylsiloxane (Sylgaard 
164, Dow Corning, Salzburg, MI). First, multilayered molds were created using SU-8 negative photoresist (Microchem, 
Newton, MA). In brief, pattern designs were created using Adobe Illustrator (Adobe, San Jose, CA) and printed on film 
(Imagesetter, Madison WI). Microchannel dimensions for the asthma diagnostic assay, human 2D migration assay, and 
3D assay were: 3 mm x 800 um x 80 um (LxWxH); 200 um height was used for endothelial cell substrate assay. Ports 
for all experiments were 1.5 mm (input) and 2.5 mm (output) in diameter. Chemoattractant was mixed into Matrigel in a 
1:1 ratio to a final concentration of 4 mg/mL. Human umbilical vein endothelial cells were seeded at 4,000 cells/uL for 
48 hours at 37C prior to experiments. Polystyrene was coated with 100 ug/mL mouse/human E/P-selectin (R&D 
Systems) for 30 minutes at 4C prior to the start of a chemotaxis experiment.

RESULTS AND DISCUSSION
      The KOALA for chemotaxis device is initiated by 
placing a lid containing the reagents required for 
generating a gradient onto a base containing 
functionalized microchannels (purification technique first 
shown in [3]) where cell manipulation is conducted. 
Importantly, the low sample volume requirements and 
novel lid-based method of initiating the gradient of 
chemoattractant enabled applications that are difficult or 
impossible to achieve using traditional techniques, 
including: 1) human neutrophil chemotaxis on an 
endothelial cell substrate (ECS), 2) mouse neutrophil 
chemotaxis without sacrificing the animal for the first 
time, and 3) both 2D and 3D neutrophil migration. First, 
the neutrophil chemotaxis on the ECS revealed two 
distinct neutrophil phenotypes, showing that endothelial 
cell-neutrophil interactions influence neutrophil 
chemotactic behavior (Figure 3a). Second, we compared 
the adhesion and chemotaxis of neutrophils from 
chronically inflamed and wild-type mice, and observed 

significantly higher neutrophil adhesion in blood obtained from chronically inflamed mice (Figure 3b). Third, we show 
that 3D neutrophil chemotaxis experiments are possible using our technique (Figure 3c). These methods allow for new 

Figure 2. (a) Diffusion modeling of chemoattractant into 
microchannels. (b) Experimental imaging of AlexaFluor 
488 in KOALA microchannels. (c) Comparisons of 
simulations and experiments.

Figure 3. (a) Neutrophil tracks for Type I and II morphologies on ECS. (b) Comparison of neutrophil function of TNF 
transgenic and wild-type mice. (c) Example of human neutrophil migration in chemotaxis with cell tracking.

 217



avenues of research while reducing the complexity, time, and sample volume requirements of neutrophil chemotaxis 
assays.
      The handheld KOALA chip was employed in a clinical setting to assay 34 human patients (23 asthmatic and 11 non-
asthmatic) to characterize the chemotaxis behavior of neutrophils from mildly asthmatic patients, and establish domains 
for diagnosis. This was made possible because of the technique’s ease-of-use, fast pipet-based cell sorting, and low 
sample volume requirements. Neutrophil chemotaxis outputs were compared with typical clinical diagnostic measures 
such as fractional exhaled nitric oxide levels (FeNO) and spirometry measurements. First, we found that the neutrophils’ 
average velocity towards the chemoattractant was significantly retarded for asthmatic patients compared to non-
asthmatics (Figure 4a). Interestingly, changes in neutrophil function have been primarily linked to severe asthmatics, and 
eosinophils are more linked to mild asthma. This result identifies a new correlation between neutrophils and mild 
asthmatics. Second, the velocity increases for patients with low measures of FeNO (Figure 4b), with a significant 
increase in velocity near the cutoff point clinicians often use to help diagnose asthma. The other outputs we observed – 
speed and chemotactic index – did not provide definitive trends that could be utilized for diagnosis. Cross-validation was 
performed on the patient data and the optimal chemotaxis velocity for diagnosing asthma was determined to be 
1.55 μm/s, which had diagnostic sensitivity and specificity of 96% and 72%, respectively. We propose that neutrophil 
chemotaxis may be used to diagnose and manage mild asthma in a clinical setting with KOALA.

CONCLUSIONS
We have developed a microfluidic platform that performs neutrophil chemotaxis assays for multiple applications, such as 
chemotaxis on an endothelial cell substrate; in small mammals; and in 3D suspension. Importantly, the comprehensive 
nature of our design solution -- the cell sorting; gradient generation; packaging; and automated cell tracking -- enabled us 
to assay a cohort of asthmatic and non-asthmatic patients in a clinical setting. Future studies are required to determine 
whether other inflammatory diseases would alter the specificity of the diagnostic chip.
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Comparing chemotaxis velocity and forced exhaled nitric oxide (FeNO) for diagnosing asthma.
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ABSTRACT 
    Wafer bonding using parylene-C to Si, SiO2 and SiN surfaces has recently been shown to enable high 
pressure-resistant microfluidic devices with metallization and CMOS-integration capability [1-3]. Here, we report 
characterization of intermediate parylene-C bonding layer fluorescence (iPBLF) and its use as an on-chip medium 
for data storage by dynamic programming of iPBLF intensity, using alternating exposure of parylene-C to UV and 
Green light. This technique allows data on the microfluidic chip to be read, written and erased by a fluorescent 
microscope and this virtually at no extra cost. 
 
KEYWORDS 
Programmable fluorescence, parylene bonding, lab-on-a-chip data storage 

 
INTRODUCTION 

Industrial applications of microfluidic devices will bring additional automation challenges, where the 
functionality, layout and protocol parameters would need to be stored and adjusted with changing versions of 
microfluidic chips. An ideal on-chip memory should introduce no additional steps or materials in microfabrication, 
be easily programmable and readable by standard equipments both during production and utilization. Fluorescence 
of the polymer materials used during fabrication of the microfluidic devices is, in fact, an ideal candidate, since 
many microfluidic devices require fluorescent imaging systems for their operation. We have recently shown wafer 
bonding with parylene-C layers to Si, SiO2 and SiN surfaces to fabricate microfluidic devices where parylene-C is 
used both as a bonding medium and structural layer to form microfluidic channels (see Figure 1) [1-3]. Although 
fluorescence of as-deposited parylene-C films under UV light has been studied previously [4-6], iPBLF can behave 
significantly different due to the changes in the polymeric structure induced by temperature processing during 
bonding [5] and vacuum-like conditions in the bonding stack.  

 
Figure 1 - Microfluidic devices fabricated using parylene-C to SiN (or SiO2) bonding. (a) Illustration of the 

fabrication process. 1) Si wafers with 200 nm thick SiN were taken. 2) Fluidic inlet holes were opened in one silicon 
wafer by Deep RIE. 3) Channels were etched in 10 µm thick parylene-C using RIE via an amorphous Si mask. 4) 

Wafers are bonded at 280 °C under vacuum during 40 minutes while applying 1000 mbar tool pressure. (b) Shows a 
SEM image of parylene-C just before bonding, where the etched trenches correspond to microfluidic channels and 

parylene-C acts as an intermediate bonding layer in a subsequent bonding process. (c) Fluorescent image of a 
bonded device observed with UV excitation (310 – 390 nm)/blue emission (420 nm - ) filters, where the dark and 
fluorescent regions correspond to microfluidic channels and intermediate parylene-C bonding layer fluorescence 

(iPBLF) respectively 
 

EXPERIMENTAL 
Here, we first characterize and then exploit iPBLF to store and rewrite data on a microfluidic chip using a 

fluorescent microscope. In order to determine the effect of the bonding process on iPBLF, we first experimentally 
quantified the fluorescence in patterned parylene-C structures before and after bonding, as well as at the 
cross-section of the bonding stack. Figure 2 shows the experimental results using 6 different fluorescent filter sets 
corresponding to common fluorescent markers in the market. Although the iPBLF intensity is increased in all cases 
after the bonding process, the results suggest that it is only significant when observed at UV/Blue and Green/Red 
channels. Therefore, we subsequently analysed the dynamic behaviour of iPBLF intensity when illuminated with 
excitation light of these channels.  
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Figure 2 - Characterization of intermediate parylene-C bonding layer fluorescence (iPBLF) before and after 

bonding. (a) Schematic diagram illustrating the experiments to characterize the effect of bonding on iPBLF. (b) 
Excitation and emission wavelengths of the filter sets used in this study and corresponding commercial dyes. (c) 

Gray-scale fluorescent images (1), (2), (3) of parylene-C at diced device cross-sections; (4), (5), (6) show patterned 
parylene-C after bonding, as observed with the UV/Blue, Blue/Green and Green/Red filter sets, respectively. (d) Plot 

of iPBLF intensity relative to the background, with most significant appearance in the UV/Blue and Green/Red 
channels.  

 
Figure 3 shows the time response of iPBLF under constant illumination with UV (310 – 390 nm) and Green (537 

– 562 nm) light, where it can be seen that the variation of fluorescence observed in the Green/Red channel behaves 
complementarily under UV and Green illumination. Figure 4 demonstrates the dynamic programming of iPBLF 
intensity fluorescence using illumination with alternating UV and Green light, which allows digital data to be written 
and erased on the iPBLF layer. 

 
Figure 3 - Time response of iPBLF under continuous illumination with UV (310 – 390 nm) and Green (537 – 562 

nm) light. Here, “illumination” corresponds to a long exposure (>1 min) to a given wavelength, inducing 
fluorescence (or bleaching it) for writing (or deleting) data on a memory spot. In contrast, “induced fluorescence” 
corresponds to taking an instantaneous (<0.5 s) picture in a fluorescence channel. (a) “Induced fluorescence” and 

calculation of the induced fluorescence. (b-d) Fluorescent images showing the iPBLF “induced” in the UV/Blue and 
Green/Red channels: (b) initially after bonding without any “illumination”, and after “illumination” with (c) UV 

and (d) Green light, showing that the UV can be used to increase fluorescence, whereas Green light can be used to 
decrease it. (e) and (f) show the plots of induced fluorescence vs. “illumination” duration for UV and Green light, 
respectively. The plots suggest that the iPBLF variation observed in the Green/Red channel has an opposite trend 

when the spot is illuminated with either UV or Green light, while iPBLF observed in the UV/Blue channel cannot be 
reversed.  

 
CONCLUSIONS AND OUTLOOK 

We demonstrated data storage on a microfluidic chip by programming intermediate parylene-C bonding layer 
fluorescence. We anticipate that dynamically programmable iPBLF constitutes an ideal candidate for use as an 
on-chip memory medium to overcome possible automation challenges of microfluidic devices by storing relevant 
data like expiry date and layout information. This can also be useful in many applications requiring optical detection 
of channel dimensions and positions, displacement analysis and other automated microscopy applications.  
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Figure 4 - Dynamic programming of iPBLF with alternating “illumination” using UV and Green light. Top: 

Time-lapse pictures of a memory spot write-erase cycle. The decrease upon Green illumination during 5 min is used 
to “write” while subsequent UV illumination of the same spot during 3 min is used to “erase” information by 

reversing the effect. Bottom: Timing sequence of multiple “write” and “erase” cycles at the same spot with 8 min 
period.  

 
APPENDIX  
Imaging conditions: Microscope: Zeiss AxioImager.M2; Objective: Zeiss Plan-Neofluar 20x, 0.4 N.A. 
coverslip-corrected to 0.55 mm; Light source: Zeiss HBO 50/AC; Camera: Zeiss AxioCam MRm; Camera 
exposure: 12 ms for UV/blue channel and 500 ms for green/red channel.   
 
REFERENCES 
[1] A.T. Ciftlik and M.A.M. Gijs, Micromech. & Microeng., vol 21, pp. 035011, 2011 
[2] A.T. Ciftlik and M.A.M. Gijs, Lab Chip, vol 12, pp. 396-400, 2012 
[3] A.T. Ciftlik, M. Ettori and M.A.M. Gijs, Proc. of 16th Int. Conf. Solid-State Sensors, Actuators and Microsystems 
(Transducers 2011), pp. 366-369, 2011 
[4] M. Bera, A. Rivaton, C. Gandon and J.L. Gardette, European Polymer Journal, vol. 36, pp. 1765-1777, 2000. 
[5] B. Lu, S. Zheng, B.Q. Quach and Y.-C. Tai , Lab Chip, vol 10, pp. 1826-1834, 2010 
[6] W.F. Beach, T.M. Austin, B.J. Humphrey, European Patent Application, EP 0449291, 1991  
 
CONTACT 
*A.T. Ciftlik, e-mail: atatuna.ciftlik@epfl.ch 
EPF Lausanne, Laboratory of Microsystems,  
EPFL-STI-IMT-LMIS2, Station 17, CH-1015 Switzerland. 
Tel: +41-21-693-6761; Fax: +41-21-693-1257;  
 

 221



OPTICAL NEAR-FIELD INDUCED CHEMICAL PARTIAL 
HYDROPHOBIC/ HYDROPHILIC MODIFICATION WITH 

SUB-DIFFRACTION LIMIT RESOLUTION  
T. H. H. Le*, K. Mawatari*, N. Hasumoto*, Y. Pihosh*, K. Kitamura**, T. Yatsui**, T. Kawazoe**, 

M. Naruse**, M. Ohtsu**, and T. Kitamori*  
*Department of Applied Chemistry 

** Department of Electrical Engineering and Information Systems 
The Graduate School of Engineering, University of Tokyo, Japan

ABSTRACT 
    This study reports a novel partial hydrophobic/hydrophilic modification using the optical near-field (ONF) 
induced photocatalytic reaction. Herein the achievement of sub-diffraction limit resolution by photo-induced method 
opens a new platform towards extended-nano (100nm~1000nm) fluidic devices, in which the partial surface 
modification is indispensible to exploit functional applications, yet difficult to realize due to the diffraction limit 
nature of light. It is also worthy to note that the simple experimental setup and feasible protocol in our method 
promise critical impacts on surface modification and the development of extended-nano devices.  

KEYWORDS 
Optical near-field, partial surface modification, sub-diffraction limit resolution, nano/ extended-nano fluidics 

INTRODUCTION
Recent researches have targeted to extended-nano (100nm~1000nm) fluidic system to explore new science and 

technology in the space that bridges the gap of single molecule and condensed phase. We have previously clarified 
specific properties of liquid confined in extended-nano spaces such as enhanced proton mobility, high viscosity, and 
utilizing them in novel separation, single cell analysis devices, integrated fuel cell, etc… [1]. However, one of the 
most challenging issues in realizing functional nano/extended-nano fluidic devices is the partial surface modification. 
With state-of-the-art lithography such as dip-pen lithography, the modified pattern has been reached several 
hundreds nm resolution [2], yet its direct writing (contact) protocol is not suitable for closed spaces like channels. 
Photo-induced methods are dominant technology in microfluidic, for they operate in non-contact mode; however the 
diffraction limit nature of light poses critical challenges in scaling down patterns to extended-nano scale. The 
emerging development of deep UV sources or superlenses technique have attracted much attention in electronic 
fields to scale down the spatial resolution of photolithography, however the complicated protocol and expensive 
setup limit its practical application as surface modification in nano/extended-nano fluidics [3]. In this study we have 
developed a novel photo-induced modification method with sub-diffraction limit resolution, using the optical 
near-field (ONF) induced photocatalytic reaction on nanostructure TiO2. In previous works, we have reported the 
excitation of TiO2 with light energy lower than its bandgap (~380nm, 
equivalent to UV light) by using the ONF generated on nanostructures. 
For example, we have observed more than 2 orders of magnitude 
enhancement of visible response photocatalytic activity of nanorod 
TiO2 as compared to that of flat film and we attributed it to the 
ONF-induced excitation of TiO2 [4,5]. The large difference in visible 
response photocatalytic activity of nanostructure and flat TiO2 has 
inspired us a novel modification of surface by photo chemical reaction 
using visible light.  

PRINCIPLE 
Fig.1 shows the concept of ONF-induced selective decomposition 

of Octa Decyl Silyl (ODS) monolayer (hydrophobic) at nanostructure 
TiO2 (hydrophilic). For the generation of ONF, patterns (nanopillars or 
nanogaps) with the size of 100nm~500nm are fabricated on 
fused-silica, followed by the deposition of TiO2, and the surface is then 
modified with ODS. As the whole substrate is irradiated with visible 
propagating light (488nm), ONF is generated at the nanopatterns only 
and it allows the excitation of TiO2, followed by the decomposition of 
ODS even though the light energy is lower than its bandgap (~380nm). 
The usage of visible light here in leads to the selective removal of ODS 
at ONF-generated sites only. Since on the remaining areas, 488nm 
could not excite TiO2, consequently no decomposition reaction occurs. 
To analyze the spatial resolution of decomposition, we introduce the 
selective photo-deposition of Pt onto the ODS-removed area by 
exploiting the photocatalytic activity of exposed TiO2, and observed 
the spatial resolution by scanning electron microscopy (SEM).  

Figure 1. Concept of ONF-induced 
decomposition of ODS on TiO2 nanopillars
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EXPERIMENT 

The experiment was conducted using an open flat substrate to 
confirm the principle and spatial resolution before applying into 
fluidic application, according to the scheme shown in Fig. 2. 
Patterns with extended-nano size (100nm~500nm) were fabricated 
onto fused-silica substrate by electron beam lithography and dry 
etching. The fabricated substrate was deposited with 30nm-thick 
and 120nm-thick layers of ITO (for conductive purpose in SEM 
observation) and TiO2 (for photocatalytic reaction) respectively. 
The whole film was then modified with ODS monolayer 
(hydrophobic) by silane coupling reaction on TiO2 surface. The 
hydrophobic film was irradiated with visible light (488nm) spot in 
5 hours at certain power density to decompose the ODS at 
nanopattern area only, as there is no ONF generated at the flat area. 
The decomposition of ODS was confirmed by staining the 
non-decomposed ODS with fluorescent dye (Rhodamine B) and 
observed under florescent microscope. However, this optical 
method is impossible to analyze the spatial resolution of 
decomposition. The analysis of spatial resolution was conducted 
by selectively depositing Pt onto the exposed TiO2 by wet protocol. 
The whole film was dipped into H2PtCl6 2.0mM; 10% ethanol and 
irradiated from the backside under 5mWcm-2 ; 365nm light by a 
Hg lamp equipped with 365nm band pass filter, in 30 min. The 
platinization reaction is expected to strongly enhance at exposed 
TiO2 surface by the assistance of photocatalytic activity of TiO2. 
As a result, Pt is deposited merely onto the exposure of TiO2, 
while the ODS-modified area is remained untreated.  

   
RESULTS AND DISCUSSION 

The contact angle of TiO2 flat film before and after modification of ODS has been measured to be (24.3o±5.6o)  
and (81.5o±2.9o)  and respectively. The Fig. 3(a) shows the decomposition of ODS or the exposure of TiO2 
(hydrophilic) in the irradiated spot, confirmed by fluorescent (FL) microscope and SEM. The ODS decomposition 
ratio is estimated as below:  

 
 
The Fig. 3(b) shows the dependence of decomposition ratio on irradiation intensity in both 

nanopatterns-fabricated and flat films. The enhancement of up to 6-fold at lower power density and 4-fold at higher 
power density in nanopattern fabricated films as compared to those of flat ones has been confirmed. This result 
indicates that the ODS decomposition is strongly enhanced by ONF generated at nanopatterns. The slight 
decomposition on flat film can be attributed to the absorption of TiO2’s vacancies that is equivalent to the energy of 
488nm. It also suggests that the principle can be applied to obtain a spatial resolution equivalent to that of EB 
lithography at suitable irradiation intensity. 

The modification on different nanopatterns has been demonstrated and shown in Fig. 4 and Fig. 5. It is obviously 

Figure 2. The schematic diagram of the whole 
protocol: fabrication, modification and observation 

on open flat substrate to verify the concept 

 

Figure 3.(a)  The FL image of irradiation spot after stained by Rhodamine B and SEM image after the photo 
deposition of Pt (b) The decomposition ratio estimated by FL intensity on both nanopattern fabricated and flat film  

 

Nanopattern 

Flat film 

FL image SEM image 
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shown that Pt is only deposited on nanopatterns area as 
bright patterns in SEM. The higher the ODS 
decomposition ratio is, the more uniform and thicker Pt 
layer has been formed, with the same Pt deposition 
condition. To further confirm the existence of Pt, the 
Energy dispersive X-ray spectrometry (EDS) analysis has 
been introduced and the mapping result clearly shows 
that the bright patterns in Fig. 4 and 5 are Pt atom. At the 
lower ODS removal ratio (~21.0%) as in Fig.4, a 
non-uniform and incomplete Pt distribution indicates that 
the ODS removal is insufficient. Meanwhile at the higher 
ODS removal ratio (~58.3%) as in Fig.5, it is clearly 
observed that ODS is completely decomposed and Pt is 
distributed uniformly onto the nanopatterns. The 
originally fabricated pattern which is ~400nm in width 
~600nm in pitch is shown in Fig. 5(b). After treatment, 
the spatial resolution of this sample shown in EDS line 
analysis is calculated to be ~550nm in width and ~450nm 
in pitch. The broadening of ~150nm (~75nm to each edge 
of nanopatterns) compared to original patterns has been 
confirmed and it indicates the achievement of 
sub-diffraction limit resolution of our method. We believe 
that the broadening is dependent on the 488nm irradiation 
intensity used and the optimization under investigation.  

 
PERSPECTIVE & CONCLUSION 

   Although there is still a broadening of ~75nm to 
each edges as compared to original patterns fabricated by 
EB lithography, in this study we have successfully 
realized a novel photo-induced method of partial surface 
modification with sub-diffraction limit resolution. The 
advantage of non-contact protocol in our method raises 
various feasible applications for surface modification of 
extended-nano channels such as two-phase flow, local 
control and handling of fluidic by Laplace valve, etc…. 
Moreover, the photocatalytic activity of TiO2 can be 
further used to selectively modify the surface with 
functional groups for separation or single cell analysis, 
etc... Our result also has initially realized the local driving 
of photochemical reaction in restricted volume, which 
enables to fulfill the demand of mesoscopic engineering. 
This method is expected to have a wide range of 
applications and facilitate the development of new 
functional nano/extended-nano fluidic devices.  
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Figure 5.(a) The design of nanopatterns (b) SEM images 
of origin patterns before treatment (c) The SEM images 
the samples with ODS decomposition ratio calculated to 
be 58.3% (d) EDS mapping of Pt atom and (e) EDS line 

analysis of Pt atom for the same sample. The results 
shows the broadening of 100nm~150nm compared to 

original patterns 

550nm 

Figure 4. The SEM images and EDS mapping of Pt of 
the samples with ODS removal ratio of 21.0% clearly 

shows the exist of Pt on nanopatterns only  
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ABSTRACT 
We present an entirely novel, self-limiting photolithography mechanism in off-stoichiometry thiol-ene (OSTE) 

polymers enabling high-resolution and high-aspect ratio features. The OSTE polymers have previously been shown to be 
promising materials for fabrication of microfluidic devices with tailored surface modifications and mechanical properties. 
We here introduce direct lithography for micropatterning of OSTE as an alternative to mechanical machining or casting, 
resulting in a simple and reliable fabrication method of self-bonding photopatterned multilayer microfluidic devices.  

 
KEYWORDS 
lithography, off-stoichiometry thiol-ene, OSTE, micropatterning, microfluidics, microfabrication 

 
BACKGROUND 

Hitherto, academia has largely relied on PDMS replica molding for microfluidic device fabrication [1]. However, 
there are problematic fabrication steps with PDMS such as long curing times, manual punching of through-holes for layer 
interconnects and non-biocompatible plasma bonding. In addition problems with finished devices, such as absorption of 
biomolecules into the polymer and non-permanent surface modifications, have created an urgent need for polymer 
alternatives to PDMS. The epoxy-based negative photoresist SU-8 is an interesting polymer for production of thick 
micro-structured layers due to its high-aspect ratio and high-resolution features [2]. However, the cured SU-8 is hard and 
brittle, and is difficult to make hydrophilic at its surface, although some microfluidic devices have been successfully 
manufactured [3]. Attempts to formulate photosensitive PDMS [4] to form channels and vias have been made, but the 
utility of the proposed solutions are limited to special cases and not generally applicable for lab-on-chip manufacturing. 
More promising are attempts to use photosensitive acrylates [5], and more recently thiol-enes for direct photo-patterning 
[6]. However, no simple direct lithography solution for microfluidic device fabrication is currently available.  

With this background, a UV-curable thiol-ene polymer system tailored for lab-on-chip devices was developed [7] and 
later commercialized by Mercene Labs AB. Based on UV-initiated thiol-ene “click” chemistry and utilising monomers 
mixed in off-stoichiometric ratios, the novel off-stoichiometry thiol-ene (OSTE) formulations provide mechanical 
properties controlled by tuning the monomer mixing ratios, where properties range from PDMS-like elastomeric 
properties to thermoplastic stiffness [7]. Also, controlled surface modification and biocompatible UV initiated “click” 

bonding is easily achieved through the presence of surface bound thiol and allyl groups, resulting from the off 
stoichiometric mixing ratios. These properties make OSTE a promising material for microfluidic device fabrication, as 
previously shown [7]. Vias and 3D-channel interconnects are necessary components in advanced microfluidic devices. 
However, to this date, no method for batch manufacturing of through holes in OSTE has been described. In this work we 
investigate the effect of off-stoichiometry on the photolithographic quality and we present here for the first time a novel 
self-limiting photopatterning mechanism intrinsic to off-stoichiometry thiol-enes (OSTE). Its usefulness is demonstrated 
in an uncomplicated fabrication procedure for microfluidic chips with vertical interconnects 
 
EXPERIMENTAL 

Model systems of on-stoichiometry thiol-ene (tetrathiol:triallyl, 1:1) and OSTE with 60% thiol excess 
(tetrathiol:triallyl, 1.6:1) were casted on pieces of polished silicon. Plastic foil photomasks and high-resolution 
glass/chromium masks were used to directly photopattern the OSTE prepolymer using collimated light (300 mJ/cm2 at 
365 nm) from a LS 30/7 1000 W NUV-lightsource (OAI, USA). The patterns were developed using mr-Dev 600 
(MicroResist, Germany) for 2 minutes and dried in a stream of nitrogen gas. The fabrication scheme of microfluidic 
devices using photopatterning of OSTE is described in detail in Figure 1. For these experiments, the commercial OSTE 
blends OSTEMER™ Thiol 60 and OSTEMER™ Allyl 50 (Mercene Labs AB, Sweden) were casted onto Teflon® AF 
1600 (DuPontTM, USA) coated flat silicon surfaces and silicon/SU-8 moulds in layer thicknesses varying from 20 to 400 
µm. Plastic foil photomasks and a NUV lightsource were used to directly photopattern the OSTE prepolymer (Figure 
1.a). Thereafter, heating the stack to 60 ºC softened the OSTE polymer and made it easy to peel it from the mask, molds 
and surfaces (Figure 1.b). The patterns were developed using mr-Dev 600 for 2 minutes (Figure 1.c), whereafter samples 
were blown dry. To produce closed microfluidic chips, the OSTEMER™ Thiol 60 and OSTEMER™ Allyl 50 layers 
were pressed in contact. Bonding was achieved via a thiol-ene “click” reaction when exposed to unfiltered UV light 

(dose: 4000 mJ/cm2). 
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Figure 1: Fabrication of microfluidics chips using lithography for patterning of 1) all chip features (top row) and 2) 

lithography for patterning of through-holes in combination with a microchannel-defining mould (bottom row). 

 

RESULTS AND DISCUSSION 

A distinct difference was observed after UV exposure and development between off- and on-stoichiometric polymer 

formulations (Figure 2.a-b). The photolithographic pattern fidelity of OSTE is in stark contrast with their stoichiometric 

counterparts, which appeared more sensitive to over-exposure, resulting in broadening of the pillar structures outside the 

mask pattern (Figure 2.a-b). A likely cause for this phenomenon is the rapid depletion of the ene-monomer in the region 

adjacent to the UV exposed polymerising features, as depicted in Figure 2.c. This depletion prevents gelation since the 

concentration of allyls falls below a critical network formation threshold, which effectively prevents polymer formation 

outside of the exposed zone. 

 

Figure 2: a) Off-stoichiometric thiol-ene polymer is well defined by UV lithography, whereas stoichiometric thiol-ene 

polymer (b) becomes overexposed. c) Theoretical model of off-stoichiometric thiol-ene lithography. Due to the excess of 

reactive thiol groups in the exposed area, the region close to the mask edge becomes depleted of allyl groups, thus 

preventing polymerisation in this region due to over-exposure. 

 

The novel lithography method was used to fabricate structures of high aspect ratio (1:8, Figure 3.a). Also, a very high 

lateral resolution was observed (< 2µm, Figure 3.b). The lithography process in OSTE was successfully demonstrated for 

two microchip fabrication approaches: 1) direct lithography to define all microchip structures, including vertical 

interconnects (Figure 3.c), and 2) casting of OSTE onto a microchannel-defining mould, using lithography and a 

photomask for definition of vertical interconnects (Figure 3.d). A difference between these two approaches was that the 
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first method, based on direct lithography, included an alignment step of the UV cured layers. In contrast, the mould 

casting method required alignment of a mask to the mould prior to the first UV curing. As the last step in both 

approaches, the patterned layer was bonded to a bottom layer of allyl-excess OSTE, using UV “click” reaction. 

 

 

Figure 3: (a) Pillars with an aspect ratio of 1:8 were successfully fabricated. The off-stoichiometric reaction provides 

high aspect ratio, which limit has not yet been reached. (b) Successful fabrication of 2 µm wide ridges indicates high 

lateral resolution for OSTE lithography. The resolution limit has not yet been reached. (d-e) Microfluidic chips 

fabricated using OSTE polymer layers are assembled into microchips by contacting layers of thiol excess OSTE with 

allyl excess OSTE using exposure to UV (4000 mJ/cm2) for bonding. 

 

CONCLUSION 

We show a novel, self-limiting mechanism for lithography in OSTE polymers. The method is used for high-aspect 

ratio structures and high-resolution patterning, where the limits are yet to be determined. Also, rapid prototyping of lab-

on-chips in OSTE through direct lithography was successfully demonstrated and constitutes a promising method. We 

strongly believe that the excellent lithographic properties of the polymer shown here, combined with the ability for facile 

surface modifications and bonding, makes OSTE one of the most powerful materials systems for microfluidic 

applications available today. 
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ABSTRACT 

We show the feasibility of self-assembled nanowire post-array embedded in microchannels to manipulate the 
dynamics of single long T4-DNA molecule.  DNA molecules in the spot-array of nanowires are fully elongated, 
and interestingly they exhibit not only the dynamics inside nanopillar array but also that inside gel matrix. 
 
 
KEYWORDS 
Single DNA manipulation, Nanowire array chips.  

 
 

INTRODUCTION 
Nanobiodevices based on advanced nanotechnology open up a novel research field for biomolecule analysis with 

the ultrahigh resolution, including a single biomolecule analysis.  An electrophoretic operation of biomolecules by 
utilizing artificial nanostructures in microchannels has emerged as a promising technique since it was first proposed.  
A number of unique artificial nanostructures, such as nanopillar arrays [1], nanowall arrays [2], nanofilter arrays [3], 
nanofence arrays [4], nanochannels [5], and nanoparticles [6] have been examined to control the dynamics of 
biomolecules.  These highly ordered nanostructures have provided less time-intensive and required fewer manual 
operations when compared with other conventional methods.  Comprehensive overviews of recent technological 
and practical developments of nanobiodevices have been given elsewhere. 

Although recent progresses in micro- and nano-fabrication technologies have allowed us to fabricate smaller and 
more precise artificial nanostructures for manipulating biomolecules, there is still an inherent size limitation of 
lithographic technology.  In this paper, we demonstrate the feasibility of bottom-up nanowire array embedded in 
microchannels to control the dynamics of long T4-DNA molecules. 

 
 

EXPERIMENTAL 
To fabricate nanowires embedded in microchannels, we have utilized a conventional photolithography, electron 

beam lithography, and vapor liquid solid growth technique for nanowires (Figure 1).  In this method, the spatial 
controllability of nanowires can be accomplished by defining the spatial position of metal catalysts only inside 
microchannels via a lift-off process with different thicknesses of Cr layers (Figures 1d).  The Cr layer thickness 
inside the microchannel is intentionally controlled to be much thinner than that outside the microchannel, which 
allows us to remain the metal catalysts only inside the microchannel during the lift-off process of Cr layer. 

The nanowire array chips were fabricated on fused silica substrates.  First, a 250 nm thick Cr layer was 
deposited on the substrate by sputtering in Figure 1a, which was a mask for the dry etching process to fabricate a 
microchannel.  Positive photoresist was coated by spin-coating, and then the microchannel pattern with a width of 
25 !m was formed by photolithography (Figure 1b).  After development of the resist, the patterned area of Cr was 
etched by immersing in Cr etchant for 5 minutes.  The microchannel was formed by reactive ion etching under CF4 
gas (Figure 1c).  The depth of the microchannel was controlled to 2 !m, which is larger than the gyration size of 
T4-DNA.  The inlet and outlet via holes of 1.5 mm diameter for the microchannel were formed with an ultrasonic 
driller.  We also patterned the metal catalysts to define the spatial position of nanowires inside the microchannel.  
A 10 nm thick Cr layer was deposited inside the microchannel (Figure 1d).  Positive resist was coated on the 
microchannel by spin-coating (Figure 1e), and then the hexagonal array pattern was drawn by electron beam 
lithography in Figure 1f.  After developing the resist, the Cr layer of the array pattern was removed by Cr etchant.  
A 3 nm thick Au metal catalyst for nanowire growth was deposited inside the microchannel by sputtering, and then 
the resist was lifted off using dimethylformamide followed by acetone.  Next, the Cr layer was lifted off by Cr 
etchant.  Note that the presence of thicker Cr layer on the outside of microchannel allows us to remain Au metal 
catalyst pattern only inside the microchannel (Figure 1g).  Using the well-patterned catalyst array, we fabricated 
spatially patterned SnO2 nanowires by pulse laser deposition (Figure 1h).  Details of the nanowire fabrication 
conditions are given elsewhere [7].  A SiO2 layer, which acted as an adhesion layer when performing sealing 
process with fused silica cover plate, was covered as a shell layer on the nanowire surface by sputtering.  The cover 
shell layer also creates a negatively charged surface on the nanowires, which is essential to avoid the detrimental 
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adhesion of negatively charged DNA.  Although the appropriate shell material depends on the pH condition of the 
solvents employed, use of the shell layer allows us to control the surface charge of the nanostructures by considering 
the isoelectric point of the materials used.  Finally the microchannel was sealed using a 130 µm thick fused silica 
cover plate according to the literature method [1]. 

 
 

 
Figure 1.  Schematic of fabrication procedure for self-assembled nanowires embedded in a microchannel.  The 
microchannel and spatially-controlled nanowires are formed on fused silica substrate by utilizing sublithographic 
techniques.  (a) 250 nm Cr layer deposition.  (b) Photolithography.  (c) Microchannel fabrication by etching.  
(d) 10 nm Cr layer deposition.  (e) Electron beam resist coating.  (f) Nanowire position patterning by lithography.  
(g) Lift off of Cr layer.  (h) Vapor-Liquid-Solid (VLS) nanowire growth. 

 
 

RESULTS AND DISCUSSION 
Figure 2 shows the FESEM images of random nanowire array inside a microchannel, and the TEM image of 

nanowires.  The nanowire array structure is 300 nm in the spot diameter and 500 nm in the spacing between spots 
(Figures 2a), and the fabricated nanowire consists of Au catalyst (10 nm in diameter), the SnO2 single crystalline 
nanowire (10 nm in diameter), and an amorphous SiO2 layer (10 nm in thickness), as shown in Figure 2b.  The 
nanowire position is well controlled and the fabricated nanowires are only grown inside the microchannel.  The 
SnO2 single crystalline nanowire is uniformly covered by the amorphous SiO2 layer. 

 
 

 
Figure 2.  (a) FESEM image of fabricated nanowire array; scale bar, 10 µm.  (b) TEM image of fabricated 
nanowires; scale bar, 50 nm. 

 
 
To elucidate the potential of the nanowire array structure to control DNA molecules, we performed single 

molecule observation of T4 DNA molecules in the nanowire array structures.  Figure 3 shows the observed 
dynamics of T4-DNA when colliding with the nanowire spot-array.  T4-DNA could be fully elongated by the 
collision with the nanowire array structure.  This highlights that the nanowire array would have the potential to 
control and separate long DNA molecules.  The T4-DNA molecule inside the nanowire array structure shows the 
migration behaviors, including a collision, elongation, contraction, and so on.  And furthermore, from 0 to 2.0 s, the 
fragmented stained-DNA molecule by photocleavage migrated faster than the center of mass in elongated DNA 
molecule, resulting in the separation of DNA molecules. 
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Figure 3.  Time-course observation of a T4 DNA molecule in the nanowire array structure under 10 V/cm; scale 
bar, 10 µm.  Yellow arrows indicated the fragmented stained-DNA molecule by photocleavage. 

 
 

CONCLUSIONS 
In summary, we have demonstrated the precisely positioned sub-lithographic scale nanowire array structure 

embedded in microchannels on fused silica substrate to manipulate the dynamics of a single long DNA molecule.  
Our experimental results highlight that the nanowire array structure have a great potential for serving as new 
members of nanostructures from the viewpoint of elongation of biomolecules, and also superior to the conventional 
gel matrix in terms of the spatial controllability inside microchannels, which is essential to further integrate with 
other functionalities.  The spatial controllability of sub-lithographic scale nanowires inside microchannels offers a 
flexible platform to manipulate DNA molecules, and moves researchers towards the goal of further integration with 
other nanostructures. 
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ABSTRACT
    We introduce for the first time a zeolitic imidazolate framework (ZIF)-coupled resonant gas sensor whose 
sensitivity shows an improvement up to 78 times over silicon resonant sensors with identical dimensions while 
additionally utilizing the inherently selective adsorption properties of ZIFs. In order to achieve high sensitivities, a 
resonator needs to have a high surface-to-volume ratio. In this study, we demonstrate a microresonator coupled with 
ZIF crystals, which provide a level of surface area that was previously unachievable, as well as the potential for 
inherent selectivity. 
 
KEYWORDS
Zeolitic imidazolate framework, resonant gas sensor, sensitivity 

 
INTRODUCTION

ZIFs are a new class of three-dimensional crystalline structures synthesized from transition metals bridged by 
imidazolate. ZIFs are attracting attention for gas storage due to their ultra-high surface area, and they show promise 
in filtering applications due to their tailorable nanoporosity [1, 2]. These same properties of high surface area and 
tailorable nanoporosity (and therefore selectivity) also attractive for various sensing methodologies, such as 
detecting changes of impedance, refractive index and strain [3-5]. ZIF-69, one particular type of ZIF, has a high 
Langmuir surface area of 1070 m2/g, enabling superior adsorption properties and a high affinity for CO2 [6]. 
Previous research has investigated the potential for sensitivity enhancement with porous material coatings on 
resonant sensors [7]. However, this work marks the first demonstration of resonant sensors using ZIFs, which is 
noteworthy because ZIFs have 2.8 times more surface area than any material previously used for resonant sensing. 

Resonant sensors detect chemical/biological analytes by measuring shifts in the resonance frequency due to 
adsorption-induced mass changes. Improved sensitivity (i.e., larger fractional frequency shifts (∆𝑓/𝑓0)) typically has 
been achieved by miniaturization due to scaling (i.e., ratio of adsorbed mass to resonator mass), as seen in Figure 1. 
Ultra-small sensors, however, suffer from increased accumulation time, as longer time is required for the molecules 
to find the device. This problem is most extreme for detection of low concentrations (Figure 2). Rather than 
fabricating nanoscale devices, our approach uses highly porous ZIFs to provide both the sensitivity of nanoscale 
devices with the capture area of microscale devices and the selectivity to desired analytes. 

 

 
Figure 1. Frequency shift (Δf) from adsorbed gas normalized by product of resonant frequency (f0), molar mass 
(M) and concentration (C) of gas, plotted against resonator volume. Most of the compared works (triangles) 
employed additional functionalized layers for enhancing sensitivity and selectivity. Points inside the dotted circle 
utilized QCM (quartz crystal microbalance) or FBAR (film bulk acoustic resonator) platforms. Theory predicts 
microscale ZIF-coupled resonators to have higher sensitivity than nanoscale silicon resonators (solid and dotted 
lines, assuming complete saturation of adsorption of CO2 and an areal mass load of 28 ng/cm2

 [8]). This work 
achieves sensitivity improvement 32 times over the previous work using porous silicon and 78 times over the 
silicon resonators [9]. 

 

EXPERIMENT
As shown in Figures 3 and 4, the ZIF-coupled microresonators in this work consist of 45-μm-long, 10-μm-wide 

torsional beams and a 45-μm-long, 45-μm-wide center paddle. They are fabricated using sublimation drying with 
p-DCB (p-dichlorobenzene) and a two-step sacrificial layer process in combination with standard surface 
micromachining processes. ZIF-69 nanoparticles are assembled into pre-patterned target regions by a novel 
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drop-casting method, which is preferred here for its flexibility to assemble a variety of materials. The process starts 
with deposition of silicon dioxide (SiO2) as the first sacrificial layer and polysilicon structural layer. After defining 
the resonator, the SiO2 sacrificial layer is removed by immersing wafers in HF solution, followed by sublimation 
drying with p-DCB. The device is then completely underfilled and covered by PR, which is patterned using 
conventional photolithography techniques into a mold for ZIFs. The PR layer plays dual roles in this process, acting 
as both the second sacrificial layer by providing support underneath the resonator and a mold for ZIFs on top of the 
resonator. A dispersion of ZIFs in water is poured over the PR mold. A flat blade is used to sweep across the surface 
of the mold and pack the ZIFs into the trenches, ensuring agglomeration and attachment of the nanoparticles onto the 
center paddle of the resonator. Finally, the PR is removed with acetone to release the ZIF-coupled resonator, and 
sublimation drying of p-DCB is performed again to avoid stiction. The second sublimation drying procedure does 
not prevent the nanoparticles from providing enhanced surface area for adsorption.  

 

   
   

   
  

Figure 3. Fabrication process for ZIF-coupled resonator. (a) Depositing of SiO2 and polysilicon. (b) Patterning body 
of the resonator via photolithography and plasma etching. (c) Etching the sacrificial layer. (d) Patterning the 
photoresist support structure as a sacrificial layer and cavities for a target region of ZIF particles. (e) Drop-casting 
ZIF particles. (f) Releasing the resonator. 

 
  

    
Figure 4. SEM images. (a) Polysilicon resonator without ZIF. (b) Resonator with a 10 µm × 10 µm × 3 µm 
casting of ZIFs. (c) Enlarged image of ZIFs attached on the surface of the resonator. (d) Raw ZIF-69 particles. 

 

The ZIF-coupled resonators were driven by an external piezoelectric actuator and measured by an optical 
Doppler vibrometer. Measurements were performed in a vacuum chamber to avoid energy losses by air damping. 
Figure 5 shows ∆𝑓/𝑓0 resulting from adsorption and desorption of different gases. Figure 6 illustrates the different 
responses to gas of the silicon resonators with and without ZIF coupling. The ZIF-coupled resonators show higher 
frequency shift ranging between 35 and 78 times for different gas concentrations compared to resonators without 
ZIFs. Furthermore, because of the inherent selectivity of ZIFs, the ZIF-coupled resonator has 1.7 times higher 
sensitivity to CO2 than IPA (isopropyl alcohol) in spite of the lighter molar mass of CO2. 

 
Figure 2. Required time for accumulating analyte molecules on a disk-shaped surface. H2 gas molecules at 1 ppb are 
used as a model analyte for this example. For radii below 100 nm, more than 5 minutes are necessary to detect 1 fg 
of analytes [10]. 
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Figure 5. A typical set of real time frequency shifts exposed to IPA and CO2 gas. 
 

 

Figure 6. Response of the ZIF-coupled resonant gas sensors to N2, IPA and CO2 gas. 
 

CONCLUSIONS 
We have demonstrated sensitivity and selectivity improvement of chemical vapor sensing using ZIF-coupled 

resonators, which have ultrahigh surface area as compared to solid resonators. By using a microscale device with 
nanoscale features, the best of both size scales could be leveraged (i.e., microscale capture area with nanoscale 
sensitivity). ZIF materials hold the promise of selectivity from their material design, making them useful for a wide 
variety of adsorption-based sensing applications. 
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ABSTRACT 
In this work, polysilicon nanowire (poly-Si NW) based biosensor is integrated with analog and digital circuits 

monolithically for the first time.  The chip is implemented by TSMC 0.35μm 2P4M CMOS process and simply 
post-etching process. In this chip, the chopper differential-difference amplifier (DDA)-based analog front-end (AFE), 
successive approximation register analog-to-digital converter (SAR ADC), and wireless acquisition circuits are 
built-in to improve remote detection capability and quality.
 
KEYWORDS 
Polysilicon, nanowire, CMOS   

 
INTRODUCTION

Si NW based biosensors have been proved that have high potential as chemical and bio-molecules sensors [1-2]. 
Because of fabrications and cost issues, however, these benefits have not been implemented by considering potential 
applications. In this work, the poly-Si NW based DNA detection SoC is fabricated by commercial CMOS process to 
address these issues.  

 
EXPERIMENT 

Briefly, the poly-Si NW based biosensor is realized by N+ poly2 layer. On the top of biosensors, only 
inter-layer-dielectric (ILD) is designed to facilitate the post process. After regular CMOS process, the ILD is 
removed by etching in post process. Fig. 1 illustrates the post process and SEM image of on-chip sensor. To improve 
the signal quality of the biosensors, low-noise chopper DDA-based AFE is designed and adopted.  In addition, 
temperature sensor is also implemented to compensate temperature drift. Then the signal is converting by the 
following 10-bit SAR ADC. Finally, the digitized sensing data is processed by the digital controller and transmitted 
to external devices through the OOK transmitter. Fig. 2 shows the system diagram of the developed poly-Si NW 
based DNA detection SoC. 
 

 
 

Fig.1 (a) Layers information of poly-Si NW baesd SoC and post process: Dry and wet etching. (b) SEM image of 
biosensor which pre-treated by focused-ion-beam (FIB) (c) Top view of poly-Si NW based biosensor. 

 
RESULTS AND DISCUSSION 

To examine the developed biosensor SoC, HBV DNA is employed.  To confine the testing sample, the bonding 
pad and wires are covered by Epoxy.  Following, the surface immobilization process of HBV probe DNA is 
required to functionalize the poly-Si NW sensor. The experimental setup can be shown in Fig. 3. Since the DNA 
hybridization will deplete the electrons in N-type NW, the detection can be achieved by measuring NW resistance. 
To measure the resistance change, as shown in Fig. 4, only NW1 and NW4 expose to HBV target DNA; NW2 and 
NW3 are passivated by ILD/Si3N4 to achieve better sensitivity.  Fig. 5(a) shows the sensitivity evaluations of output 
voltage of AFE versus HBV target DNA with different concentration. This result clearly demonstrates the 
functionality of poly-Si NW biosensor and interface circuits.  The limit-of-detection (LOD) is identified as 10fM. 
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Moreover, Fig. 5(b) shows the selectivity test of DNAs with different base-pairs (bp).  Both of these results show 
the developed biosensor performance can satisfy most of the clinical needs. 

 
 
 

Fig.2 system diagram of the developed poly-Si NW based DNA detection SoC. 
 

 
 
 

Fig.3 (a) SoC is passivated by AB glue and fluid channel, (b) Surface immobilization and hybridization steps, (c) 
HBV DNA sequences 

 

 
 

Fig.4 DNA sensing mechanism of poly-Si NW based biosensor. 
 
CONCLUSION 

In summary, poly-Si NW based HBV DNA detection SoC is realized in 0.35μm CMOS standard process 
followed by post-process steps for the first time. Experimental results show the label-free detection limit is about 
10fM and has ability to distinguish one base-pair (1bp) mismatch HBV target DNA. In addition, the implementation 
is used commercialized CMOS process; the low-cost mass production is probable. As a consequence, the 
developed poly-Si NW based biomolecular sensor SoC has the potential for applications of point-of-care technology 
(POCT). Fig. 6 shows performance and photo of this SoC. 
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Fig. 5 (a) Sensitivity and (b) selectivity test results of the developed poly-Si NW based DNA detection SoC. Inset 
shows the normalized results. (V0 is the baseline, PBS; V is the sensing results, respectively. Then ΔV=V-V0 ) 

 

 
 

Fig. 6 Chip photo and performance 
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ABSTRACT 
    There are many multiplexed arrays for surface bound molecules such as DNA or proteins but multiplexing large 
number of liquid based assays are still in need. Highly heterogeneous liquid handling in pico-nano liter volume is the 
key to handle large number of chemical libraries. In this talk, I will introduce “partipetting”, a method of 
simultaneously dispensing large number of different liquids into microwells with only one pipetting event. I will first 
review core basic technologies of partipetting such as fabrication of various encoded microparticles and various 
self-assembly technologies. Then I will present a few application examples of partipetting that have been developed 
in my lab.  
 
KEYWORDS 
Encoded microparticles, magnetically tunable structural color, fluidic self-assembly, liquid microarrays, screening  

 
PARTIPETTING 

Multiplex analysis using suspended encoded particles have received much attention in high throughput 
bio-molecule screening thanks to their outperforming scalability and fast reaction kinetics over conventional 2D 
biochips. However, current multiplexed assays based on encoded beads are limited to multiplexing of surface bound 
probe molecules such as DNA or proteins and are not able to handle chemical compound liquid libraries, which is 
essential for drug screening. Highly heterogeneous liquid chips for high throughput liquid cell based screening assay 
has not been developed yet due to challenges mainly in small volume liquid handling. In this talk, we present an 
ultraplex compound screening platform based on our new liquid handling method named ‘partipetting’. 

Partipetting is defined as a single pipetting operation of simultaneously self-assembling million different liquid 
drug-laden microparticles into million separate reaction wells in a microfabricated well plate, implying ‘Pipetting 
encoded Particles’. First, a liquid chemical compound is either encapsulated by an encoded polymer shell or 
absorbed in a lithographically formed encoded hydrogel (Fig. 1A). Millions of different chemical library are then 
processed same way but with different code to form a library or a stock solution of millions of different encoded 
drug-laden microparticles (Fig. 1B). Using only one pipetting event, millions of the drug-laden microparticles are 
self-assembled to a microfabricated well plate with million separate wells to form a chemical chip with million 
variations (Fig. 1C). Then the code in the liquid particle is read by image based reader system to make spatial 
registration mapping between assembled liquid containing coded particles and reaction wells. Therefore, fabrication 
of various encoded functional particles and self-assembly of them into the microwell is core technologies required 
for partipetting. 

 
Figure 1. Schematic of partipetting  A. Different chemical laden encoded particle generation. Each 
particle has each different code. B. Different chemical laden particles library. C. Partipetting. 
Heterogeneous assembly platform is generated with a single pipetting of different encoded particles.  
 
SMART MICROPARTICLES AND THEIR APPLICATIONS 

We fabricated various encoded particles with different function and application: liquid capped Teflon microshells 
for liquid array chip, drug-laden encoded microparticles for large scale cell based drug screening, encoded virus 
micropatch for multiplexed gene transfection, and multi-level color barcoded microparticles for DNA analysis. (the 
particle schemetics are shown in top of Fig. 2A-D). Basic fabrication technologies such as optofluidic maskless 
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lithography and M-Ink will be reviewed as particle forming scheme and encoding schemes, respectively [1-4]. Via 
one partipetting event, these encoded microparticles with various contents are self-assembled into microfabricated 
well array and forms heterogeneous array of chemical library, viruses, and DNAs (bottom figures of Fig. 2A-D). 
Based on the partipetted self-assembled assay, ligand screening assay for G-protein coupled receptor (GPCR) has 
been successfully mimicked in highly multiplexed format (Fig. 3A).  Also cell based screening assay is performed 
partipetting anti-cancer drug (sodium salicylate) absorbed encoded hydrogels into the cell containing microwells. 
(Fig. 3B). 

 

 
Figure 2. Types of microparticles with various contents. A.Core-shell microparticle. Chemical liquid is 
encapsulated with polymerized Teflon. B. Drug-laden coded microparticle. Drug is absorbed into the 
hydrogel. C. Encoded virus micropatch. D. Color barcoded microparticle. Aligned magnetic chain 
forms color code. 
 

 
Figure 3. Cell-based assay via partipetting A. Local gene delivery using encoded virus micropatch. 
Heterogeneous viral vector transduction and GPCR internalization assay B. Absorbed drugs diffused 
out to the target cells after the assembly of encoded particle assembled chip and cell chip. 
Heterogeneous cell staining and anti-cancer drug screening on cancer cells in microwells 
 
CONCLUSIONS 

We have developed an ultraplex liquid chip with heterogeneous liquid capped encoded particles and 
demonstrated these arrays can replicate conventional well based screening with much higher throughput. We 
envision that this technique will enable users simply choose and order a type of chemical compound chips from a 
catalog instead of repeating million pipetting in-house.  
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ABSTRACT 
 Here we promote a new way of thinking: Designing microfluidic chips that can be processed on standard instruments 
which are already present in typical laboratory setups. Those instruments could be standard lab centrifuges, real-time 
PCR cyclers or even second generation sequencers. We call this approach the Microfluidic App approach [1].  
 
KEYWORDS: Lab-on-a-Chip, Centrifugal microfluidics, Sample Preparation, Genotyping, Next-generation sequencing 

 
INTRODUCTION 
 The perspective to automate and miniaturize assays or whole laboratories by using microfluidics or lab-on-a-chip 
devices led to a large research boom in microfluidics over the last two decades. However, only a limited number of 
commercially available devices surfaced from this boom so far. In our view, one aspect that impedes market uptake is the 
proprietary, complex, and expensive instrumentation that is often required to operate microfluidic chips. This approach is 
costly and also contributes much to the development risk.  
 
 Here we promote a new approach: Designing microfluidic chips that can be processed on standard instruments. Those 
instruments could be  
• standard lab centrifuges,  
• real-time PCR cyclers, or even  
• second generation sequencers.  
 
 Similar to software Apps for smartphones those “Microfluidic Apps” could potentially reduce the costs for lab 
automation to the price of disposable plastic test carriers [2].  
 
EXAMPLES  
 As a first example we report on our new LabTube platform for automation of biological assays. The LabTube can be 
designed for several tests, such as ELISA, DNA and protein extraction and is operated on standard lab-centrifuges. It  is 
based on three stacked disposable microfluidic cylinders as depicted in Fig.1. Pen mechanics, actuated by centrifugal 
forces, rotate cylinder II. This allows for opening and closing of fluidic paths through the stack and thus liquid routing.  

 
 
Figure 1: Concept and first demonstrator of the LabTube for the swinging bucket rotor of a standard lab centrifuge  
(Photo by Bernd Mueller).  
 
 Cylinder I contains pre-stored liquid reagents and an interface for sample intake. Cylinder II contains lancing 
structures for sequential release of liquids from Cylinder I and can be equipped to perform unit operations such as 
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metering, mixing, separation, and column based extraction of target molecules. Cylinder III separates the waste liquids 
from the target liquid and provides space for the integration of analytic reactions.  
 
 As a first demonstration, a fully automated column-based DNA extraction from human blood was performed. 
Cylinder I was loaded with lysis buffer, binding buffer, washing buffer and elution buffer (DNA Blood Mini Kit, 
QIAGEN, Germany) and a human blood sample was added. A silica column for DNA binding was integrated in cylinder 
II. After fully automated processing in the centrifuge, DNA eluates were taken from cylinder III and analyzed for the 
human growth hormone (HGH) gene by real-time PCR (Fig. 2). In comparison to a manual reference sample, 27 - 45 % 
DNA was recovered with the LabTube. Analysis of the different unit operations showed that mixing in the LabTube is 
crucial for DNA extraction and is the main reason for the lower DNA yield of the LabTube. Therefore, future work will 
concentrate on optimization of the mixing unit operation for DNA extraction in particular.  
 
 Major advantages of the LabTube platform are the possibilities for on-site reagent pre-storage and release, combined 
with  the flexibility for automated processing of different assays with varying volumes, e.g. ranging from 50 !l to 1 ml of 
sample volume for DNA extraction and the “plug and play” operation in a standard laboratory centrifuge.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Results of extracted DNA quantified by real-time PCR on HGH gene. DNA from human blood samples was extracted 
manually with standard protocol or fully automated using the LabTube. The DNA extraction yield is referenced to the manual control. 
Error bars correspond to three technical replicates of the PCR. 

 As a second example of microfluidic Apps, we present a microfluidic cartridge for automated genotyping that runs on 
a standard real-time PCR cycler [4] (see Figure 3). This microfluidic App automates aliquoting of the sample and mixing 
with pre-stored primers and probes and is processed and fluorescently read out by the standard instrument. 
 

  (b)  
Figure 3: Design of the LabDisk foil cartridge. (a) Photograph of the LabDisk (reaction wells are highlighted with red ink, through 
holes for air flow are not shown); (b) Assembly of the LabDisk cartridge in the modified centrifugal thermocycler Rotor-Gene 2000 
(open top cover position) (figures taken from [4]). 

 
 As a third example we present a new approach to fabricate whole genome microarrays based on using next generation 
sequencing technology [5]. The approach is based on performing highly parallel PCR reactions in a picowell array 
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(PWA) and simultaneously immobilizing the generated PCR products in a covalent and spatially-resolved manner onto a 
microscope slide via solid-phase PCR (SP-PCR) (see illustration in figure 4). Even single DNA molecules were 
successfully amplified and immobilized demonstrating digital solid-phase PCR. Compared to widely established 
emulsion based PCR (emPCR) approaches, leading to PCR products immobilized onto bead surfaces in a highly parallel 
manner, the novel technique results in direct spatial registration of immobilized PCR products in a microarray format. 
This enables the subsequent use for massively parallel analysis similar to standard microarrays [5]. 
 

 
Figure 4: Illustration of highly parallel PCR reactions in a picowell array (PWA) and simultaneously immobilizing the generated 
PCR products in a covalent and spatially-resolved manner onto a microscope slide covering the PWA via solid-phase PCR (from [5]). 
 
 
 
CONCLUSIONS 
 We expect that the new strategy of designing microfluidic chips as “Apps” for standard instruments could push the 
market penetration of microfluidic devices. Extending the approach of designing microfluidic Apps will enable end-users 
to profit from the large potential of microfluidic system integration with low or moderate initial investments for new 
equipment.  
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ABSTRACT 
 We analyze the deformability of individual red blood cells (RBCs) using Single Cell Microchamber Array 

(SiCMA) technology. Our approach is adequate to quickly measure large numbers of individual cells in 
heterogeneous populations. Individual cells are trapped in a large-scale array of micro-wells, and dielectrophoretic 
(DEP) force is applied to deform the cells. The simple structures of microchambers and DEP electrodes facilitate the 
analysis of thousands of RBCs in parallel. This unique method allows the correlation of red cell deformation with 
cell surface and cytosolic characteristics to define the distribution of individual cellular characteristics in 
heterogeneous populations. 
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INTRODUCTION
The ability to deform is essential for red blood cell (RBC) function in the circulation of capillary vessels. Cellular 

deformability in general is an important characteristic that defines the physiology of cells.[1] In malaria-infected 
RBCs, the deformation was reported to be different depending on the intracellular developmental stage of the 
parasite. Benign and malignant cancer cells were also reported to be significantly different in their deformability. 

Ektacytometry [2] and slit rheometry [3] have been used to expose the entire RBC population to a defined shear 
stress and correlate the average morphology to measure elongation of RBC. These well-established measurements 
provide information on the deformability of the average RBC in a population, but are poorly able to define 
sub-populations with an altered deformability. Several methods have been developed to measure deformability of 
individual RBCs, including pipette aspiration [4], optical tweezers [5], dielectrophoresis [6], and atomic force 
microscopy [7]. While powerful to characterize deformation of small numbers of individual cells, these approaches 
are inadequate to quickly measure large numbers of individual cells in heterogeneous populations. Moreover, the 
ability to correlate RBC deformability with other cellular measurements, either in cytosol or membrane, is important 
to better define the underlying mechanisms for altered deformability. While flow cytometry or (automated) 
microscopy can provide data for cell surface markers, correlation with deformation is not available. 

In this work, we present a novel approach using Single Cell Microchamber Array (SiCMA) technology [8] to 
analyze deformability of individual RBCs in a large heterogeneous population, allowing correlation of red cell 
deformation with cell surface, and cytosolic characteristics. Individual RBCs are trapped in a large-scale array of 
thousands of microchambers. Dielectrophoresis (DEP) is applied to deform RBCs, and the shape changes are 
analyzed. The simple structures of microchambers and DEP electrodes facilitate the analysis of thousands of RBCs 
in parallel. In addition, microscopic analysis using fluorescent dye can be used to measure cell surface and cytosolic 
markers.  

 
 

 
Figure 1. A schematic view of a chamber unit for deformability measurement in the single cell microchamber array. 
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Figure 2: Fabricated chip with an enlarged view of chamber array. 

 
 

DESIGN AND FABRICATION 
A schematic view of the chamber unit is shown in Figure 1. An electrical field to each microchamber is provided 

by a combination of transparent indium tin oxide (ITO) and gold electrodes. ITO allows image analysis from the 
bottom of the chip by using visible light on the microscope. A low resistance gold backbone delivers an identical 
electrical potential to the ITO in each microchamber. A dielectrophoretic force, aligns the cells in the chambers, and 
stretches each single cell. The length of the major (x) and the minor (y) axes, are measured and elongation index 
(EI=(x-y)/(x+y)), is calculated to evaluate the deformation of each cell. 

The chip is fabricated by using surface micromachining process. The electrodes in the device were fabricated by 
deposition of 20/100 nm thick Cr/Au and 120 nm thick ITO layers on a pyrex glass wafer. Over the electrodes, the 
microchamber array was defined by a 10 μm thick SU8 layer. Figure 2 shows the fabricated device with an enlarged 
view of the microwell array. 

 
EXPERIMENTS 

RBC deformation was measured from two different samples: normal RBC and RBC from patients with 
hereditary spherocytosis. The spherocytosis is disease originated from a molecular defect in one or more of 
the proteins of the red blood cell cytoskeleton. Before the elongation, the RBCs were labeled with 
sulfo-NHS-LC-biotin and streptavidin-FITC conjugate for the visualization of deformed shape. The chips were 
loaded by applying a drop of fluorescently labeled RBC suspension in Hepes-buffered saline on the fabricated 
devices attached to a petri dish. A 20MHz AC signal from a function generator was applied to the device and cell 
deformation was observed by a fluorescent microscope. Figure 3 compare the deformation of RBCs depending on 
the applied voltage. A custom, MATLAB based, software program was used to process the images, recognize 
microchambers containing single cells, and measure the EI of each cell relative to voltage applied.  

Figure 4 shows the distribution of deformabilities of a typical normal and spherocytosis sample. The EI at 8V in 
the normal cell population showed a distribution with an average of 36.9±9.4%. The RBCs from the spherocytosis 
patient showed an EI of 25.6%±10.4%. Low deformability of RBCs in hereditary spherocytosis is a well-recognized 
characteristic of this cytoskeletal disorder [9]. In addition, the distribution of EI is much larger in spherocytosis, as 
compared to normal cells at higher electric fields reflecting the heterogeneous cell population as seen by microscopy. 

 
 

   
(a)                                       (b) 

 
Figure 3: RBC deformation depending on the applied voltage: (a) 0 Vp-p; (b) 6 Vp-p.  
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(a)                                    (b) 

Figure 4: Measured deformability distribution of individual cells depending on applying voltage (Vp-p): (a) normal 
RBCs from healthy volunteer; (b) abnormal RBCs from patient with spherocytosis. 

 
CONCLUSION 

We present a novel approach to analyze the deformability of single cells in heterogeneous cell populations. We 
envision that the SiCMA technology can be used in a variety of applications that would benefit from the ability to 
measure the distribution of cellular characteristics in complex RBC populations, important to define hematologic 
disorders. 
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ABSTRACT
     Immune activation and hematological malignancy are two disease states for which clinical monitoring has been 
revolutionized by flow cytometry. Numerous structural changes as well as changes in patterns of molecular biomarkers
are associated with these states. While biomarkers related to these structural changes are attractive due to the fact that 
they can be measured without time- and labor-intensive sample preparation, in the clinic only molecular markers can 
be assayed with the requisite throughput to be used in diagnostics and monitoring. We previously developed a
technology capable of high-throughput assays of cell mechanical properties. This deformability cytometer, which 
possesses a high ease-of-use and requires no labeling and minimal sample preparation, will make label-free 
biomarkers accessible in a clinical setting. However, a barrier to use remains in validation of mechanical phenotypes 
against accepted molecular biomarkers for those phenotypes. In this work, we have developed a hybrid 
fluorescence-deformability cytometer which is capable of acquiring both a fluorescence and a deformability 
measurement of a single-cell at a high throughput and explore mechanical phenotypes of leukocyte populations of 
interest in several diseases.

KEYWORDS
Cell Mechanics, High-Throughput, Flow Cytometry, Single-Cell, Mechanophenotype

INTRODUCTION
The mechanical properties of cells have been shown to possess significant promise as powerful label-free and 

inexpensive biophysical markers for cell phenotype. We previously reported a system for high-throughput (>1000 
cells/s) deformability cytometry [1] with clinical applications in immune monitoring, stem cell therapy, and cancer 
diagnostics [2,3]. The system employs hydrodynamic forces to position cells in flow and stretch them, high-speed 
imaging to record deformations, and automated image analysis to quantify single-cell deformability (Figure 1). 

Figure 1. Deformability cytometry (DC) method and device. a. System setup. b. Top view of 1st generation device to 
scale (blue arrows indicate flow direction). c. Mechanism of deformation (σC and σS are compressive and stretching 

stresses). d. Primary limitations to throughput for the hybrid deformability and fluorescence flow cytometer.

Now we are working toward replacing label-based assays by establishing correlations between cell mechanics 
and traditional affinity biomarkers. In this work we explore new applications in blood diagnostics and report the 
development of a hybrid fluorescence-deformability cytometer. Using this new capability we will provide the first 
data that directly correlates surface biomarkers of phenotype with mechanical properties at the single-cell level.

EXPERIMENT
At a population level, we have measured an increase in the activation biomarker, HLA-DR, after in vitro

stimulation (with anti-CD3, 12F6, and phytohemagglutinin, PHA) of peripheral blood mononuclear cells (PBMCs) 
while, in parallel, measuring increased deformability (Figure 2a). Increased deformability in lymphoma cell lines 
(Figure 2b-c) is also expected to correlate well with clinical biomarkers for transformation as well as structural 
changes (Figure 2d), such as in cytoskeletal composition and nuclear size, shape, and organization. We have also 
observed a drastic decrease in the deformability of promyelocytic leukemic cells, HL60, upon differentiation toward 
neutrophils with all trans retinoic acid (ATRA). The differentiated cells resemble granulocytes isolated from human 
donors. Activation of granulocytes from human donors with 12-O-Tetradecanoylphorbol-13-acetate (TPA) for short 
periods of time induces an increase in deformability.

We have now built a system which can perform fluorescence flow cytometry and deformability cytometry on the 
same cell, while maintaining the high-throughput of the two systems, which will allow us to validate deformability 
cytometry as a low cost reliable replacement for numerous assays in immune activation and leukemia monitoring.
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Figure 2. DC of leukocyte disease models. a. Activation increases PBMC deformability. b. Lymphoma cell lines are 
larger and highly deformable. c. Gating by size and deformability will be an effective gating strategy for monitoring 

immune activation or residual leukemias. d. Population level changes in cell and nucleus shape and size, and the 
presence of loosely packed chromatin can be correlated with deformability as well. e. Cells of the promyelocytic 
leukemic cell line, HL60, are large and deformable. Upon differentiation toward neutrophils with ATRA, the cells 

become smaller and less deformable, resembling granulocytes isolated from human donors. TPA activation of 
granulocytes from human donors for short periods of time induces an increase in deformability. 

 
The hybrid deformability and fluorescence cytometer required innovation in the device design as well as design of 

an optical system capable of performing both high-speed imaging and fluorescence measurements in close proximity. 
While the 1st generation design enabled interrogation of several thousand cells per second it limits the implementation 
of fluorescence detection in that cells arrive from two directions requiring two beam spots and occasionally has 
coincident cells which must be thrown out, limiting throughput. We designed a new inertial focusing channel to 
position cells at the center of flow and siphon off a controlled volume of cell-free suspending fluid (Figure 3) by tuning 
the fluidic resistance of the branch channels. This siphoned fluid is then rejoined at a high velocity with the fluid 
containing the cell stream, creating the extensional flow and deforming cells. We evaluated several geometries for the 
trifurcation and several resistance ratios before selecting a channel in which nearly all cells were delivered from one 
direction and deformation most resembled that in the 1st generation device. 

 

 
 

Figure 3. Modified DC channel design for hybrid measurements. a . Top view of 2nd generation device to scale. b. 
Dean drag and inertial lift forces focus cells rapidly in asymmetric curving channels. c. Focused cells enter the cell 

branch (red arrow) when the channel trifurcates. d. High speed image of cell focusing and fluid siphoning. e. Fluidic 
circuit diagram of the 2nd generation device (the resistance of the sheath branch network must equal the resistance of 
the cell branch: R1=R2/2+R3) to replicate the extensional flow of the 1st generation device. f. High speed images of a 

cell before and during deformation by hydrodynamic forces in the 2nd generation device. 
 
To realize the hybrid system we also built an optical setup which was capable of performing high SNR fluorescence 

measurements on cells immediately upstream of the deformability cytometry measurement (Figure 4). The optical 
setup allows both measurements to be performed in close proximity without saturating the photodetector with the 
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imaging light. The single-cell biomarker correlations this system will provide will enable wider adoption and greater 
utility of mechanophenotyping in research and medical labs. 

 

 

 
 

Figure 4. a. Optical setup for parallel high-speed imaging and fluorescence flow cytometry. Light from a xenon lamp 
is filtered (Low-pass, LP) and focused onto the microchannel for imaging. Simultaneously, a 532 nm laser is focused 

onto the channel through a 20x objective lens. Emitted light is collected through the objective lens, filtered, and 
detected by a photomultiplier tube. The signal is digitized and processed offline. Transmitted light is collected 

through the same objective but is reflected by a series of dichroic and beam-splitting mirrors to a high-speed camera 
which collects images at 500,000 frames per second with an exposure time of 300 ns. b. Representative data sets 

acquired simultaneously. Automated image analysis is performed as previously reported. 
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ABSTRACT 
 
Separation of particles, droplets, and cells based on physical properties finds numerous applications in science and 
technology, ranging from biomaterials synthesis [1], medical diagnostics [2], photonics [3], drug delivery [4], and 
droplet microfluidics. Here we present microfluidic circuits capable of automatically sorting deformable particles 
based on hydrodynamic resistance [5], the extra resistance to fluid flow that a particle induces as it flows through a 
microfluidic channel. Prior to this paper we showed size-based sorting of gelatin particles, here we extend the work 
by demonstrating sorting of red blood cells (RBCs) by size and deformability-based sorting of cured and uncured 
photocurable droplets. Additionally, sorting of photocurable droplets illustrates the concepts of light-triggering of 
microfluidic circuits, which can be used to turn ON and OFF microfluidic circuit modes. 
 
KEYWORDS 
Sorting, deformability, microfluidic logic, cell, droplet. 

 
INTRODUCTION 
 

 
Figure 1. Hydrodynamic-Resistance Microfluidic Sorter. a) & c) Schematic diagram showing basic function for 

low and high hydrodynamic resistance gelatin particles, respectively. b) & d) Micrograph illustrating flow rate 
modulations that result in sorting of low and high resistance particles, respectively. 
 
The sorting circuit, Figure 1, accepts a single deformable particle and switches it to either a sorting channel or a 
rejection channel depending on the relative magnitude of the increment in hydrodynamic resistance induced by the 
particle. Low resistance particles are rejected (Figure 1a and 1b), and high resistance particles are sorted (Figure 1c 
and 1d). The difference in resistance between different particles can be a result of either by size, as shown in Figure 
1 for gelatin particles, or by differences in mechanical properties or adhesion. In the sorting circuit, the ratio of the 
flow rates in the sorting and rejection channels coming from the sensing channel are modulated by the presence of a 
particle in the sensing channel. By default, i.e. by appropriate choice of channel geometries, a higher fraction of the 
sensing channel flow is directed towards the rejection channel. When a high resistance particle flows through the 
sensing channel, part of the flow originally going to the sensing channel is redirected through the bypass channel 
into the second part of the rejection channel, decreasing the flow through the first part of the rejection channel, and 
changing the flow ratio exiting the sorting junction (junction formed by the sensing, sorting and first part of rejection 
channel). Since the particle trajectories at the junction are determined by the relative flow rates at the junction 
bifurcation, this modulation of the flow rates results in sorting of the particles. 
 
An alternative way to understand the operation of the proposed sorting circuit is depicted in Figure 2, where the 
equivalent resistance circuit is shown. The circuit can be understood based on the circuit topology and magnitude 
and direction of three flow rates: sensing channel flow (Isens), sorting channel flow (Isort), and the first part of the 
rejection channel (Ireject1). When a particle flows through the sensing channel inducing a certain hydrodynamic 
resistance, !R, the resulting flow can be understood as a linear combination of flows in the circuit under two 
different conditions: the original circuit with no induced hydrodynamic resistance (i.e. no particle), and a circuit with 
infinite induced resistance. In the circuit with infinite induced resistance, the flow through the first part of the 
rejection channel is reversed with respect to the former case, while the flow trough the sensing channel is zero. 
Hence, when a particle induces a finite hydrodynamic resistance, the flow through the first part of the rejection 
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channel decreases faster than the flow through the sorting channel. Beyond a certain threshold of induced 
hydrodynamic resistance, it causes majority of the fluid from the sensing channel to flow into the sorting channel, 
thereby directing the particle into the sorting channel. This kind of circuit relies on self interactions to modulate 
flows and produce sorting, as opposed to previously developed logic circuits that use particle-particle interactions to 
flow modulation; hence it is asynchronous since does not require particle-particle synchronization. 
 

 
 

Figure 2. Sorter equivalent circuit and graphical explanation of device function. When a particle flowing through the 
sensing channel induces a large hydrodynamic resistance, the circuit can be considered as a weighted sum of two 
circuits: a circuit with no-induced resistance and a circuit with infinite resistance. The induced resistance generates a 
reduction and eventual inversion of the flow through the first part of the rejection channel, producing particle 
switching. 
 
 
METHODS AND MATERIALS 
 
Red blood cells. Cells were washed first with a solution of PBS. Then, media was replaced with the High Viscosity 
Media; a solution made of 9.1 mL PBS, 9 g dextran (MW=2x106), 0.1 g BSA, and 0.04 g Pluronic. At the same time, 
PDMS devices were incubated with High Viscosity Media for 30-60 minutes at 20 ºC (Room Temperature).  
 
Photocurable Droplets: Two solutions were used to produce droplets: an oil phase, carrier mix, and a water-soluble 
phase, droplet mix. The oil phase was a mix of white light mineral oil with Span 80 (1% v/v). The droplet mix 
comprised poly-ethylene glycol diacrylate (67.5% v/v), hydroxy-2-methylpropiophenone (30% v/v), tween 20 (1.5% 
v/v), FITC BSA solution (10 µg/mL), and a solution of fluorospeheres (1% v/v). A Nikon Eclipse TE2000-U 
inverted microscope with a Nikon Plan Fluor 10x/0.3 objective was used to acquire images. 
 
RESULTS AND DISCUSSION 
 
We exemplify the potential of this technique to sort based on size and deformability by demonstrating two new 
applications of the sorting circuit: a) size-based sorting of red blood cells (Figure 3) and b) micro droplet switching 
induced by light polymerization (Figure 4).  
 
Sorting of cells in constrained microfluidic channels is challenging because they tend to adhere to the channel 
surfaces and clog the channels. Here we show sorting of red blood cells (RBCs), by using modified media with 
pluronic, BSA, and high molecular weight sugars to reduce adhesion. In the experiments, cells were flown for more 
than 3 h without clogging, despite the narrow channels used. Since RBCs have a discoid shape, we used rectangular 
microchannels as depicted in Figure 3a. Since larger cells exert a higher resistance to flow, size can be used as a 
sorting criterion. After the cells are injected into the circuit, the cell population splits into two streams: sorted and 
rejected (Figure 2b). A histogram showing size distribution was obtained after analyzing samples coming from the 
rejected and sorting streams, Figure 3c and 3d. As expected, large particles are preferentially sorted with a resolution 
of ~2 µm, depicted by the transition zone in Figure 3d. 
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Figure 3. Size-based sorting of RBCs. a) Schematic diagram showing cell and channel dimensions. b) Micrograph 
showing device geometry, operation conditions, and sorted & rejected cells. c) Size distribution of the rejected and 
sorted cells. d) Fraction of sorted and rejected cells as a function of cell size. 

 
Finally, we demonstrated particle separation based on deformability by sorting of otherwise identical droplets of 

uncured and cured photocurable liquid immersed in mineral oil solution. Droplets were generated upstream of the 
sorting circuit using a T-junction in which the photo curable mix was injected into the oil carrier. Before arriving at 
the sorting circuit, the droplets could be illuminated by a UV-light from a mercury lamp (Figure 4). By tuning the 
outlet pressures, the switching threshold could be tuned so that uncured droplets were rejected while cured droplets 
were switched (Figure 4b and 4d). This experiment demonstrates switching of particles based on deformability, and 
also illustrates a new concept enabled by the use of hydrodynamic resistance: switching of particles induced by light. 

 

 
Figure 4. Deformability sorting of photocurable particles. a) & c) Schematic diagram showing setup for photo-curing 
droplets and resistance sorter circuit; UV-light OFF and ON respectively. b) Micrograph showing rejection of a 
low-resistance uncured particle. d) Micrograph showing curing and sorting of a UV-cured droplet. 
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ABSTRACT 

We present a novel method to interface a continuous-flow droplet-based microfluidic system with matrix-assisted 
laser desorption ionization mass spectrometry (MALDI-MS). The interface facilitates the automated deposition of 
over 26,000 individual droplets on a single high-density micro-array plate at high throughput. The micro-array plate 
is directly compatible with standard MALDI mass spectrometers. Therefore, the method presented here enables 
label-free content analysis of individual microdroplets. 
 
KEYWORDS 
droplet microfluidics, segmented flow, mass spectrometry, MALDI, micro-array plate, interface, spotting, deposition, 
label-free detection, high-throughput screening. 

 
 

INTRODUCTION 
Over the last ten years, the generation and manipulation of ultrasmall-volume droplets on microfluidic platforms 

has opened captivating possibilities for chemical and biological research.[1,2] However, the analysis of the droplets 
is challenging and commonly relies on optical methods such as fluorescence microscopy. This significantly limits 
the applicability of droplet microfluidics because labeling of target molecules with fluorophores is required. Our 
newly developed interface enables label-free detection and identification of molecules from individual droplets and 
overcomes the difficulty of phase separation. 

 
 

 
 
 

 
Figure 1.  a) Schematic representation of droplet creation, in-line droplet detection and droplet deposition. 

After deposition, droplet phase and oil phase evaporate quickly which resolves the problem of phase separation.   
b) Overview of the interface with the micro-array plate (here with a total of 26444 hydrophilic spots of 300 !m 
diameter) mounted on an xy-stage (A) and the droplet detection setup. The detection setup consists of a photodiode 
(B), an optical fiber (C) and a photodetector (D). c) Enlargement of b) showing the spotting capillary tip (E) and 
illustrating the spotting process of 3 nL droplets containing blue food dye (patent blue V) on hydrophilic spots. 
Scale bar: 1 mm. 
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EXPERIMENT 
We created 3 nL microdroplets by injecting an aqueous phase into an immiscible oil phase (perfluorodecaline) 

using a microfluidic T-junction (Fig. 1a). The microchannel is connected to a capillary, the end of which deposits 
droplets on a metal plate mounted on an xy-stage (Fig. 1b & c). The plate (standard MALDI-MS plate size of 123x81 
mm2) is coated with a hydrophobic Teflon layer, which has been structured by laser ablation to form an array of 
26,444 hydrophilic spots of 300 !m diameter.[3] A simple optical detection system consisting of a photodiode and a 
photodetector registers every droplet passing the capillary and automatically triggers the motion of the plate towards 
the next hydrophilic spot ensuring that only one droplet is deposited per spot. 

 
The hydrophobic coating of the plate prevents cross-contamination between adjacent hydrophilic spots and 

confines each droplet to a defined position within the array. To demonstrate this, droplets of an aqueous solution of 
blue food dye were spotted in a specific pattern leaving vertical lines of empty spots (Fig. 2a). After evaporating the 
oil phase and the analyte-containing aqueous droplets, additional droplets of 2,5-dihydroxybenzoic acid (MALDI 
matrix) were spotted in a second run across all spots in horizontal lines. As the oil-flow between successive matrix 
droplets prevents any direct aqueous connection between successive spots, no crossing-over of dye could be 
observed by eye. The absence of cross-contamination was also verified by MALDI-MS imaging (Fig. 2b & d). 
 

As a first application we monitored the enzymatic conversion of Angiotensin I to Angiotensin II by Angiotensin 
Converting Enzyme, an important process in the regulation of blood pressure in humans. Substrate and enzyme were 
mixed, loaded into a syringe, continuously aliquoted into droplets and spotted. For 3 hours 8,000 droplets were 
deposited and immediately dried using a flow of dry nitrogen gas to stop the reaction. Each spot represents a single 
time point of the enzymatic conversion. Subsequently, a MALDI-MS spectrum was obtained from each hydrophilic 
spot and the progress of the conversion for each time point was calculated from the relative peak intensity of 
Angiotensin II (product) over the total peak intensity of Angiotensin I (substrate) and II. Figure 3a shows the spatial 
distribution of the calculated peak ratio on the micro-array plate while figure 3b shows the peak ratio as a function of 
reaction time. 

 
 

 

Figure 2.  a) Micrograph showing a section of the micro-array with food dye droplets (dried) deposited in 
vertical lines leaving one column empty. b) and d) MALDI-MS imaging experiment: After spotting DHB (MALDI 
matrix) in horizontal lines on the array section showed in a), the section has been raster-scanned using 50x50 µm2 
spots. The color represent the intensity of the patent blue V base peak (559.16 m/z) (b) and of the DHB base peak 
(153.02 m/z) (d). c) A MALDI-MS spectrum of a hydrophilic spot containing patent blue V. No cross-contamination 
could be observed. All scale bars: 300 !m. 
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CONCLUSION 

Our method combines the advantages of droplet microfluidics such as high throughput and ultra-low sample 
consumption with the high sensitivity (down to attomoles) and excellent mass resolution of MALDI-MS. The 
possibility to analyze the content of individual microdroplets without labeling will substantially widen the scope of 
droplet applications, particularly in proteomics and metabolomics research. 
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Figure 3.  a) Heat map showing the progress of the enzymatic conversion in form of the peak ratio for the 8000 
droplets spotted on individual hydrophilic spots and measured by MALDI-MS. b) The peak ratio as a function of 
time. Insets: MALDI-MS spectra from the beginning and at the end of the enzymatic reaction (* Angiotensin I, 
substrate; ‡ Angiotensin II, product). 
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ABSTRACT 
 The fungal and bacterial secondary metabolism provides organisms with a highly versatile and bioactive 
panel of chemicals affording them both physical and competitive fitness. While powerful tools have been developed 
for performing a metabolomics analysis of microbial cultures, identification of secondary metabolite profiles
resulting from inter- and intra-kingdom interactions remains a significant challenge. Here we present a platform that 
enables the extraction of metabolites using a novel open microfluidic method for creating bi-phasic interfaces. The 
simplicity of the method is amenable to integration into the current metabolomics workflow and allows the creation 
of high-throughput microscaled platforms for screening co-culture interactions and micro-environmental factors. 
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INTRODUCTION 

Secondary metabolites of microbial origin have strong bioactive properties that are the source of 
important worldwide health and economical issues (e.g aflatoxin contamination of crops), as well as a treasure chest 
of putative therapeutic agents (e.g. penicillin, statins, etc…) [1]. In particular, fungi, such as Aspergillus Fumigatus, 
excel at generating a multitude of secondary metabolites in response to microenvironmental factors such as nutrients, 
stress factors, and competing organisms [2]. In addition, large spectra of metabolites are only generated through 
symbiotic interactions with other fungi or bacteria [3]. While metabolomic profiling has been the target of intense 
research, current platforms do not allow an exhaustive exploration of the whole range of microenvironmental growth 
conditions and co-culture conditions that can yield unknown compounds. Furthermore, most recent microfluidic 
approaches have focused on gains in precision and sample volume by performing the analysis on-chip [4]. Thus, the 
lack of available high-throughput platforms allowing metabolite extraction from multi-organism cultures is a 
limiting factor in the discovery of novel therapeutic metabolites. 

Here, we present a novel microfluidic platform technology, allowing the creation of open, 
pipette-operated, bi-phasic microfluidic systems, named suspended microfluidics. In brief, we developed and 
validated an analytical model describing the conditions for which capillary fluid flow occurs in channels devoid of 
both a ceiling and a floor, or more generally any channel containing multiple open interfaces (Fig. 1). This enables 
the creation of extremely simple and reliable microfluidic systems in which immiscible fluids (e.g. organic solvent 
and media) can be brought in contact on a platform that can be interfaced with most liquid handlers and HPLC 
auto-samplers. Furthermore, the technology significantly decreases the fabrication complexity and cost by removing 
the necessity of bonding and the use of expensive micro-porous membranes. In the context of metabolomics, 

 
Figure 1. A. Schematic of a suspended microfluidic channel, which contains neither ceiling nor floor. B. 

Suspended microfluidic channel in which a U-shaped groove contains apertures in the floor. C. Plot of the regions 
that support spontaneous capillary flow (SCF) and those that don’t. The theoretical prediction matches the 

numerical simulation closely. D. Experimental validation of the theoretical conditions developed and 
demonstration of a suspended microfluidic array. 
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suspended microfluidics enables novel functionalities for culturing microorganisms, increases the scope of 
experimental conditions that can be screened for metabolite production, and reduces the time and cost of doing so 
(Fig. 2). Specifically, suspended microfluidics has applications for the high-throughput identification of secondary 
metabolite profiles from intra- and inter-kingdom cultures for the identification of novel metabolites and the 
discovery of micro-environmental regulation of cryptic secondary metabolite gene clusters. 
 

 
Figure 2. Comparison of the current workflow used for extracting A. Fumigatus metabolites and the novel 

microfluidic workflow. Beyond the gains in time and space conferred by the suspended microfluidic platform, the 
device enables the co-culture of microorganisms in a high-throughput approach with a 96-well plate footprint.

 
EXPERIMENT

In order to design open microfluidic systems that can create stable liquid-air and liquid-liquid interfaces 
we developed an analytical model for open capillary flow in a microchannel containing any number of free open 
interfaces. The analysis results in a design guideline that states that the ratio of the length of the cross-section of the 
open channel that represents the wetted hydrophilic material, called the wetted perimeter (Pw), and the length of the 
cross-section of the open channel that represents the open interface, called the free perimeter (Pf), must be lower 
than the cosine of the contact angle of the fluid. Using these design considerations we show that suspended flow 
over apertures in the floor of an open microfluidic channel is reliably achievable, allowing for the creation of 
bi-phasic pipette-operated microfluidic systems (Fig. 1). Open suspended microfluidic platforms thus enable the 
creation of aqueous-organic solvent interfaces allowing for the extraction of small molecules from culture media in a 

 
Figure 3. A. Extraction of Texas Red dye and quantification on a fluorescent plate reader. B. Culture of A. 

Fumigatus on GMM-agar in the 24 micro-well array. C. HPLC trace of an A. nidulans culture extracted with 
ethyl acetate and pentanol. Ethyl acetate displays different peaks than the pentanol trace. 
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simple and scalable operation easily compatible with the traditional metabolomics workflow. We determined 
geometrical guidelines based on a Bond number analysis enabling a robust and stable interface between aqueous 
media and different organic solvents used for metabolite extraction, such as chloroform, ethyl acetate, pentanol, and 
butanol. Furthermore, we developed fabrication methods allowing the creation of solvent resistant microdevices that 
do not require exotic materials or challenging fabrication methods. Using a combination of polystyrene or PDMS 
fabrication followed by a parylene C chemical vapor deposition (CVD) step, we show that straightforward 
solvent-resistant devices are easily manufacturable. Open microfluidic methods are enabling in this context as 
diffusion-based methods such as CVD are challenging in enclosed environments. 

Using suspended microfluidic methods, we developed bi-phasic culture platforms allowing the 
liquid-liquid and liquid-solid extraction of small molecules into organic solvents. The suspended extraction methods 
developed are versatile and enable applications for a large range of biological models such as the steroid production 
of human adrenal cells and the secondary metabolism of filamentous fungi cultures, as well as for a large range of 
organic solvents. We demonstrate the potential of the platform for mammalian cells metabolomics by culturing 
human adrenal cells in the device for several days and measuring cortisol, cortisone, and testosterone by LC-MS 
after extraction in pentanol. We further demonstrate the potential of suspended microfluidic extraction for analyzing 
the secondary metabolism of microbial cultures by extracting small molecules from a culture of Aspergillus 
Nidulans in a range of solvents of different polarities (e.g. chloroform, ethyl acetate, pentanol) allowing the sampling 
of a variety of different compounds which may be overlooked in traditional extraction processes. This application 
illustrates the potential of suspended microfluidic extraction to optimize the extraction process on a large array of 
micro-environmental conditions and solvents (Fig. 3). Finally, we demonstrate the potential of suspended 
microfluidic systems for creating simple high-density co-culture extraction platforms. Suspended microfluidic 
methods were employed to develop a bonding-free microfluidic device in which two organisms are co-cultured in an 
open channel system on the topside of the platform and extraction is performed on the backside of the platform. The 
two organisms are in liquid contact through a crenulated wall enabling straightforward access to both microculture 
areas through the open top interface, and the solvent is placed in contact with one of the two organisms through a 
horizontal suspended interface. We show that this platform enables the multiplexed study of the metabolite profile 
resulting from the interaction of a range of different microorganisms, without requiring any electronic or mechanical 
actuation systems. Provided the simplicity of use and the ease of manufacturing, we expect open microfluidic 
methods to become an attractive technology for a variety of biological studies. Specifically, in the context of 
metabolomics, open microfluidic methods allow the creation of platforms that are readily treated for solvent 
resistance, simple to operate, and easily interface-able with traditional metabolomics tools such as HPLC and 
LC-MS. 
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ABSTRACT 
    A microfluidic platform for simultaneous patterned differentiation of multiple embryoid bodies of embryonic 
stem cells using air bubble is developed. Theoretical simulation and experiments using suspension of fluorescent 
particles or fluorescent solution showed that chemical gradients and little shear existed within the chamber of the 
devices. EB was pushed by air bubbles into the micro-chambers, after excluding the air bubbles out, EBs are 
exposed to different media. It was found that patterned differentiation of these EBs was successfully induced. It 
suggested that the device will help in a wide variety of differentiation using multiple stem cells in biomedical field. 

KEYWORDS 
Patterned differentiation, air bubble, iPS, high throughput, embryoid body

 
INTRODUCTION

Patterned differentiation of an embryoid body (so called EB, i.e. cell aggregate) of mouse pluripotent stem cells 
has been studied successfully by exposing to different factors from a laminar flow pattern, which was formed by two 
kinds of culture media in a microfluidic device [1, 2]. However, these experiments have applied a culture platform 
for only one EB; In experiments using microfluidic platforms, it is not easy for seeding, culturing or gathering one 
EB/derivative cells in the microfluidic device for many analyses. These experimental problems of low throughput 
and low efficiency have existed for a long time.  

In order to study spatiotemporal response of EBs efficiently during their differentiation processes, it is necessary 
to establish high-throughput ways to analyze them under heterogeneous medium conditions. In the present 
experiment for that purpose, a new microfluidic device was developed for induction of multiple EBs by using air 
bubbles. Air bubbles were applied as a tool to manipulate EBs in a microfluidic device. Air bubbles are not easy to 
be excluded out of the device in many experiments, in fact it is often regarded as one of lethal factors in culturing 
cell in the microfluidic device, which would affect gas diffusion, media supply, waste discharge etc., correspondingly, 
cell metabolisms including proliferation and differentiation would be seriously varied. In the experiment, however, 
we introduced air bubbles into the microfluidic device in safety for controlling EBs, the pressure of the air bubbles is 
applied to seed EBs into the micro-chambers. After bubbles were excluded out of the microfluidic device, EB 
differentiation and proliferation can be inspected. By this way, we successfully carried out patterned differentiation 
of multiple EBs. It would help to understand differentiation experiments in the developmental biology field. 

 
MATERIALS AND METHODS 

The microfluidic device as showed in Figure 1 was fabricated using a method of photolithography. At first, the 
device diagram was drawn by Autocad 3.4, based on which, a GDS file was prepared, then a shadow mask was 
fabricated using a laser exposing system. The mask is developed for UV exposure. Photosensitive epoxy (SU-8 
2100) was spun coated onto a cleaned silicon wafer, followed by being baked at 65℃ for 15 min and 95℃ for 90 
min, then it was exposed to UV light through the mask prepared above. After baking, it was developed in SU-8 
developer for 15 min and rinsed with IPA (isopropyl alcohol). The wafer was coated with CHF3, then 
Poly-dimethylsiloxane (PDMS) was poured on the wafer, after degassing, the PDMS block was heated, then it was 
trimmed to get PDMS model, after adherence onto a slide glass by oxygen plasma and silicon tubes assembling; the 
microfluidic device can be used for culture experiment.  

Before perfusion using the prepared microfluidic device, theoretical simulation using software of Comsol 
Multiphysics 3.5a and perfusion experiment using suspension of fluorescent particle and fluorescent solution was 
carried out for determining flowing velocity and chemical concentration in the culture chamber of the microfluidic 
device. Suspension solution of fluorescent particles (φ0.5um) or fluorescent solution (100mM fluorescein in PBS) 
was pumped into the device at 2 uL min-1 respectively. After 5 minutes, images of culture chamber were taken by a 
fluorescent microscope, the fluorescence intensity can be determined by using the software of Image J. Flow 
velocity of the particles was determined based on the images taken. EB differentiation was induced by perfusing a 
medium containing FBS (20%) for cardiac differentiation. 

Induced pluripotent stem cell (iPS, MEF-Ng-20D-17) was purchased from Kyoto University, cultured on mouse 
embryo fibroblast (MEF) was maintained in DMEM containing 15% KSR (Knockout Serum Replacement), 0.1% 
LIF (Leukemia Inhibitory Factor), with medium changed every day. Confluent iPS cells were dissociated and plated 
onto non-adherent culture plates to form a spheroid (220μm). Spheroids (EBs) were seeded onto the culture chamber 
of the microfluidic device. Two channels of the microfluidic device were connected to syringe pumps respectively 
by silicon tubes. Medium containing 20%FBS and/or medium containing LIF was perfused into the device from the 
two channels at 2ml min-1 respectively. The 3 perfusion methods are scheduled: LIF medium only, FBS medium 
only, LIF medium and FBS medium perfused simultaneously. After culture, the microphotographs of the EB were 
taken, EBs can be collected after dismantling the microfluidic device for some analyses. 
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Figure 1. Flowing velocity (A) and chemical gradient (B) in the micro-chamber of the present device estimated by 
simulation using COMSOL Multiphysics software and perfusion experiments using suspension of fluorescent 
particles or fluorescent solution. It is shown that flowing velocity of the fluorescent particles is nearly 0 and the 
chemical gradient is formed within the culture chamber. 

 
RESULT AND DISCUSSION 

The present microfluidic device is fabricated as shown in Figure 1, the device has two flowing channels, and 
some round-shaped culture chambers were located between the channels. In one side of the two channels, there are 
some trapping cups connected to the chambers, where the EBs are first trapped before being pushed into the culture 
chamber by air bubbles (Figure 2AB).  

The theoretical simulation by COMSOL Multiphysics3.5a indicates that there is little shear flow in the culture 
chamber (Figure 1A), while chemical gradient can exist stably in the chamber (Figure 1B). By adjusting the flowing 
velocity, suspension of fluorescent particles was perfused into the microfluidic device, fluorescent particles in the 
culture chamber could be almost static (flowing velocity is 0) (Figure 1A); gradient fluorescent distribution was also 
kept after fluorescent solution perfusion into the culture chamber (Figure 1B).  

 
 
After seeding some cell aggregates of Nanog-GFP induced pluripotent stem cells (iPS) into one channel, they 

would array into the trapping cups by switching on/off some flow inlets and outlets simultaneously (Figure 2AB). 
Air bubbles were then introduced into the side of the channels with some inlets and outlets on/off. The EBs were 
then pushed into the culture chambers by the air bubble (Figure 3). After excluding the air bubble out of the 
microfluidic device by perfusing the medium into the channel (Figure 3), the microfluidic device was connected to 
pumps via the silicon tube, the differentiation and proliferation of these cell aggregates were studied by persfusing 
the medium containing 20%FBS and/or medium containing LIF from the flowing channels into the micro-device.  

When cultured in medium containing LIF for 5 days in the device, it was found that the fluorescence of iPS 
cells was kept all the time, it suggested that iPS cells has kept undifferentiated state (pluripotent activity) in LIF 
media all the time (Figure 4B). After 5 days of perfusion culture in medium containing 20%FBS, it was found that 
GFP fluorescence intensity decreased then disappeared completely, it suggested that iPS cells were successfully 
differentiated in 20% FBS medium in the microfluidic device (Figure 4F). 

Figure 2. Microphotographs of multiple EBs 
arrayed in the trapping cups (A&B) and seeded 
into the microchamber by air bubbles (C&D). 
A&C, Microphotographs of photo contrast of 
EB of Nanog iPS. 
B&D, GFP fluorescence microphotographs of 
EB of Nanog-GFP iPS 
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If iPS cells were perfusion-cultured with FBS and LIF medium simultaneously, interestingly, it is shown that 

patterned differentiation of these EBs was induced (Figure 4D), i.e., half of the cell aggregate kept fluorescent, 
fluorescence of the other half of cell aggregates disappeared, this results suggested that chemical gradient was 
formed and kept in the culture chamber of the microfluidic device all the time, which regulated the proliferation and 
differentiation of cell aggregates of iPS. 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Culture EB in the micro chamber for 5 days using the media containing LIF and/or 20%FBS. 
A&B. Perfusion culture in the LIF medium; 
C&D Perfusion culture in the FBS medium (upper) and LIF medium (lower) simultaneously; 
E&F. Perfusion culture in the FBS medium. 
 
CONCLUSIONS 

Because multiple cell aggregates can be seeded and arrayed accurately in the microfluidic device for 
investigating their differentiation or proliferation with sufficiently small shear acting on them, at the same time, 
chemical gradient can be formed and kept in the culture chamber of the microfluidic device, which can modulate the 
cellular metabolism of iPS cells in the culture chamber. Our experimental results suggested that the present method 
will be useful in a wide variety of experiments in the biomedical field in the future. 
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Figure 3. Diagrams showing the procedures of 
seeding EB into the microchamber using an air 
bubble 
A. Introduction of air bubble into one of the 
channel of the device from the inlet.  
B. EB is entering into the chamber pushed by the 
air bubble. 
C. EB has completely entered in the chamber; 
D. Air bubble is excluded out of the device by 
perfusion of the medium. 
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ABSTRACT
Microfluidic compensation structures are introduced as a tool to homogenize magnetic field gradients present in microfluidic 
NMR spectroscopy.  Magnetic field distortions are eliminated by compensating the magnetic susceptibility mismatch be-
tween the sample fluid and chip material through additional, lithographically defined compensation structures.  This strategy 
will allow high resolution NMR spectroscopy on a chip, enabling a range of metabolomic applications.

KEYWORDS: Nuclear magnetic resonance, Spectroscopy,  Inductive Coupling, Me-
tabolomics, Structural shimming

INTRODUCTION
The goal of this work is to improve the resolution of microfluidic nuclear mag-

netic resonance spectroscopy. NMR spectroscopy is widely applied to the study of 
biological molecules in a variety 
of contexts.  Of particular inter-
est here is its capability to re-
solve the constituents of com-
plex metabolic mixtures con-
taining dozens to hundreds of 
compounds at !M levels.  Medi-
cal diagnostics based on NMR 
metabolomic analysis (so far,  of 
macroscopic samples) is a rap-
idly developing field, with a 
large number of diagnostic as-
says emerging [1].  At the same 
time, microfluidic devices offer 
convenient and efficient possi-
bilities for sample separation  
and preparation. Combining the 
two approaches would empower microfluidic assays with the resolution 
and specificity of NMR spectroscopy [2].
There are two main challenges in the design of any NMR probe hard-
ware: sensitivity and resolution. In probing biological samples,  very 
complex spectra can be encountered making resolution paramount to 
deciphering chemical makeup.  Improvements to sensitivity alone will 
not alleviate this problem as broad spectral lines tend to overlap.  In 
microfluidic systems,  magnetic susceptibility mismatch between the 
chip/capillary material and the sample is usually the dominant source of 
line broadening.

A number of miniaturized NMR systems have been explored [2-9] with line widths in the 3-10 ppb range.  In virtually all 
cases so far, this has been achieved by severely restricting the device geometry to a cylinder or a linear strip (see figure 1).  
Our approach removes this constraint by adding lithographically defined shimming compensation structures. This preserves 
the non-invasive nature of NMR spectroscopy, without the need to extract the sample from the chip and inject into a 
dedicated capillary NMR probe.  Since the compensation structures are made at the same time as the fluidic network, they add 
no manufacturing cost to the system.

Figure 2 shows the line shape of a water spectrum at 600 MHz from two planar microfluidic chips using an inductively 
coupled resonator [7,8]. It is obvious that the shape of sample chamber profoundly influences the line shape. The circular 
sample (A) produces a very broad (>200 Hz) line with a highly non-Lorentzian shape. This would make it very difficult to 
resolve individual compounds in a metabolic mixture. The longitudinal sample chamber shown in Fig. 2B produces a much 
sharper line. The goal of the present work is to produce sharp lines from sample chambers with small aspect ratios such as the 
one in Fig. 2A. 
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Figure 1: Principle of microfluidic 
NMR chips. A: top view; B: side 
view; C: RF resonator (1) is layered 
above the sample volume (2)
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Figure 2: A: spectral line shape obtained from 
PMMA chip with circular sample chamber. Se-
vere susceptibility broadening is obvious. B: A 
rectangular sample chamber gives much better 
resolution.
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THEORY

Microfluidic chips are usually fabricated from diamagnetic materials 
such as glass, poly(styrene),  or PDMS. The magnetic susceptibilities 
of such materials lie in the range of –11 to –6 ppm. Typically,  the chip 
material’s susceptibility differs from that of the sample fluid (–9.05 
ppm in the case of water) by several hundred parts per billion (ppb). 
As shown in the computed field maps of Figure 3A, this leads to 
strong variations of the magnetic field inside the sample volume, caus-
ing line broadening and loss of resolution. Figure 2A shows the spec-
trum of water obtained with a round sample chamber in a 600 MHz 
NMR spectrometer. The field distortions lead to a broad line with a 
foot of more than 200 Hz width. Using a long rectangular sample 
chamber reduces the line width (Fig 2B), but at the expense of reduced 
sensitivity, since only the center part of the sample volume contributes 
to the signal.  The distribution of the demagnetizing field in a rectan-
gular sample chamber based on a 2 ppm mismatch between the chip 
material and the sample has been calculated using a 2D moment 
method. As shown in Fig. 3A, the field is very inhomogeneous inside 
the sample chamber. Figure 3B shows the resulting field lines pro-
duced when surrounding the sample chamber with a secondary struc-
ture containing a material with magnetic susceptibility offset from the 
base material opposite to that of the sample. The demagnetizing field 
has been largely eliminated from the inside of the sample, leading to 
field that is constant to within 1 ppb over the vast majority of the sam-
ple space.

EXPERIMENTAL
Microfluidic devices were fabricated by dichloromethane bonding of 

three poly(methyl methacrylate) (PMMA) layers. A standard engraving Versa Laser (model VLS3.50) was employed to Pat-
tern PMMA sheets. Resonators were etched from pre-fabricated polyimide foil covered with 28 um of Cu (Upisel,  UBE In-
dustries, Inc.). The resonator structure was then sandwiched between an  additional PMMA layer. This ensured that the struc-
ture is exposed to a well-defined dielectric, therefore improving the stability of the self-resonance frequency.  Fully assem-
bled chips were then filled with the solution of interest, taking particular care not to allow bubbles in close proximity to the 
sample chamber.  The surrounding compensation chambers contained trace amounts of evaporated ethanol and dichlorometh-
ane (used in the bonding process) along with air.   Chips were then inserted to a specially fabricated holder to ensure repeat-
ability between multiple samples.  The collective chip and holder were then inserted into a Doty 12mm microimaging probe. 
Experiments were conducted with a Varian 600 MHz NMR spectrometer, with a static field strength of 14.1 T.  Liquid state 
NMR measurements were conducted using a dedicated probe head with a symmetric pair of single loop inductors of 10mm 
diameter (Figure 2). Resonators were fixed to a microfluidic chip containing a rectangular sample chamber of 15 µl total vol-

sample (water)

air

A

B

Figure 3: Calculated magnetic field distribution in 
a microfluidic chip (center of sample volume 
plane); sample chamber 4 x 4 mm; 150 µm depth. 
A: sample chamber only; B: sample chamber plus 
surrounding air-filled compensation structure. Iso-
field lines are separated by 1 ppb.
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ume, with a volume of 4 µl exposed to the rf field of the microcoil. The probe efficiency and rf homogeneity were tested by 
recording nutation sequences of water doped with 2mM of CuSO4. Spectral resolution was determined using samples of 5% 
H2O in D2O.

RESULTS AND DISCUSSION
As shown in the calculated field map in Figure 3B,  the field variations  in the sam-
ple volume can be largely eliminated by surrounding it with carefully designed 
additional features,  which are filled with a fluid with susceptibility mismatch of 
opposite sign. In the simplest case, the compensation fluid is air (χV=+0.05 ppm).  
However, in working with biological samples we can expect a range of sample 
magnetic susceptibilities,  which would require either i) a substitute compensation 
fluid or ii) an additive material in the sample such as CuSO4.  In the present work, 
the susceptibility of the sample was altered systematically by adding (paramag-
netic) CuSO4. The resulting field distributions were measured using a B0 field im-
aging sequence. 
  Figure 4 shows the response of the experimental field maps indeed to adding Cu-
SO4. Fig. 4 (top) shows a B0 field image of a chip with a square sample chamber of 
4 x 4 mm size and 150 µm depth filled with a solution of CuSO4 in H2O. At higher 
Cu concentration, corresponding to a 1.5 ppm mismatch in susceptibility, the same 
chip exhibits severe field variations (center).  Surrounding the sample chamber with 
an air-filled structure as shown in Fig. 3 largely eliminates the field variations, as 
shown in Fig. 4 (bottom).
One-dimensional field maps are plotted versus CuSO4 concentration in figure 4 to 
highlight the effect of a compensation structure.  The curvature of the field maps 
are positive at 0 mMol CuSO4 resulting from interface of the paramagnetic PMMA 
and more diamagnetic sample (H2O in this case).  As the CuSO4 concentration of the sample fluid is increased the magnetic 
susceptibility of the two materials can be matched to form a linear profile with no susceptibility jumps.  Adding in a third 
material in the compensation structure will shifts this relationship, as expected.  For example, without the compensation struc-
ture,  the curvature of the field distribution in the center of the chip vanishes at a CuSO4  concentration of 11 mM. With the 
compensation structure (which,  in effect, makes the chip “more paramagnetic”), a flat profile is only achieved around 44 mM 
CuSO4.  Sharp spectral lines are obtained from flat field profiles.  In practice, adding paramagnetic ions to the sample may not 
be a viable option due to their toxicity and/or their relaxivity. However, the experiments shown here used PMMA for the chip 
material for ease of fabrication. The susceptibility of PMMA lies slightly to the paramagnetic side of water. If, by contrast, 
the chip material is more diamagnetic than the sample, a flat field profile can be achieved by simply chosing the correct width 
of the compensation structure. Alternatively, the compensating structure can be filled with a more diamagnetic or paramag-
netic material as required.  Figure 5 shows a serviceable compensation structure chip where the surrounding volume can be 
filled with any working fluid.
 
CONCLUSIONS
We have shown that magnetic field distortions due to susceptibility mismatch in microfluidic chips can be corrected by ap-
propriately designed on-chip compensation structures. These can be fabricated at the same time as the fluidic network. This 
principle of compensating susceptibility mismatches by adding features to the chip design is broadly applicable.
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ABSTRACT

Localized surface plasmon resonance (LSPR) is strongly associated with inelastic scattering of biochemical 
molecules near metal nanostructures, i.e., surface enhanced Raman scattering (SERS). Systematically exploration of 
the relationship between surface-enhanced Raman spectroscopy (SERS) and the plasmon resonance wavelength has 
been an experimental limitation due to the lack of reliable and tunable techniques for controlling the LSPR 
wavelength. In this work, plasmon resonance was actively tuned by mechanical stretching with 1nm resolution for 
direct investigating of the relationship between the plasmon resonance and SERS. The functional substrates feature 
nanoplasmonic metal nanostructures on a stretchable elastomer. The elastomeric membrane is uniformly deformed in 
all directions, resulting in precise change of inter-particle distance. The inter-particle distance gives dynamic tuning 
of plasmon resonance. The SERS signal enhancement is directly observed by changing the plasmon resonance. This 
work enables as a guideline for how to select plasmon resonance of substrates to achieve extreme sensitivity of 
SERS for targeted molecule.  
KEYWORDS Plasmonics, SERS, Localized surface plasmon resonance 

INTRODUCTION
Plasmonics has become a promising technology that aims to exploit the unique optical properties of metallic 

nanoparticles. The signature optical property of theses metallic nanoparticles is the localized surface plasmon 
resonance (LSPR) that is charge density oscillations confined to metallic nanoparticles. The wavelength 
corresponding to the extinction maximum, λPR, of the LSPR is highly dependent on the size, shape, and dielectric 
properties of the metal nanostructures. Whereas theoretical and experimental studies of the role of these properties 
provided a fundamental understanding of how plasmons are influenced by local structure and environment, the 
LSPR as a sensing modality for detecting molecules of both biological and chemical interest led to the field of 
surface-enhanced Raman scattering (SERS). The highly sensitivity of SERS is achieved through the strong coupling 
between the LSPR of substrates, excitation laser and vibrational mode of a molecule. Therefore, the tunability of 
plasmon resonance holds great promise for high sensitive SERS and it is desirable to design the SERS substrate that 
it’s the LSPR wavelength suitable for excitation laser and targeted molecules. However, the relationship between 
plasmon resonance and SERS enhancement was not clearly revealed due to the lack of reliable and tunable 
techniques. Alternative approach utilizing optical, electronic1,2, ferroelectric3, or thermal4 methods has been reported 
as a part of active plasmonics. However, those previous works for tuning of the LSPR wavelengths by changing 
dielectric properties have remaining problem for practical SERS application including small range of tuning, 
limitation of the number of data point, slow speed, and high cost fabrication.  

Here, we report a monotonic tuning of plasmon resonance using mechanical stretching. An elastomeric membrane 
with silver nanoislands on an elastomeric chamber is continuously deformed into a concave shape by applying 
negative pressure drop. The plasmon resonance of metal nanoislands is monotonically blue-shifted due to the 
increase of the nanogap spacing between those neighboring nanoislands. Uniform and stable stretching of the 
elastomeric membrane allows large, and continuous adjustment in the plasmon resonance. This device can be 
utilized for investigating the selection rules for determining the plasmon resonance to induce highly intense surface 
enhanced Raman scattering. (Figure1) 

 

 

Figure1.Monotonic tuning of plasmon 
resonance by mechanical stretching and 
SERS signal enhancement depend on 
plasmon resonance. (a) The plasmon 
resonance of metal nanoislands on an 
elastomeric membrane is monotonically 
blue-shifted due to the increase of the 
spacing between those neighboring 
nanoislands. Uniform and stable stretching 
of the PDMS membrane allows large and 
continuous adjustment in the plasmon 
resonance (λPR). (b) Maximum SERS 
enhancements are obtained when the 
plasmon resonance wavelengths match 
with the center wavelength of excitation 
and Raman shifted wavelength. 
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EXPERIMENT AND RESULT
Micro-nanofabrication procedures for deformable nanoplasmonic membrane are shown in Figure2. The device 

was fabricated by transferring silver nanoislands onto a thin elastomeric membrane of polydimethylesiloxane 
(PDMS). The uniform formation of silver nanoislands was done by solid immersion metal dewetting (SIMD). First, 
fluorocarbon thin film as an anti-adhesion layer is deposited on a borofloat wafer by using plasma enhanced 
chemical vapor deposition. Thin silver film is thermally evaporated on the thin fluorocarbon film, followed by 
spin-coating of uncured PDMS. After curing the PDMS, silver nanoislands were formed and simultaneously 
transferred on to the PDMS by thermal annealing. An elastomeric membrane with silver nanoislands is deformed 
into a concave shape by applying negative pressure drop. The relationship between the thin circular membrane 
center deflection and the applied uniform pressure can be approximated by by solving differential equations for 
bending of a uniformly loaded distensible circular plate.  

 

 
 

Figure2. Micro- and nanofabrication of deformable nanoplasmonic membrane. Large area deformable 
nanoplasmonic membrane with uniform silver nanoislands were fabricated by using solid immersion metal 
dewetting (SIMD) and metal transfer to PDMS. Thin silver film was thermally evaporated on the thin fluorocarbon 
film. 100 µm thick PDMS monomer was spin-coated on the silver film and cured at room temperature. The thin 
silver film between fluorocarbon and PDMS was annealed on a hot plate at 120℃ for 180 minutes and transformed 
into silver nanoislands. Finally, the thin PDMS membrane with silver nanoislands was permanently bonded to a 
thick PDMS slab with a hole and  microfluidic channel by using an oxygen plasma treatment. The nanoplasmonic 
membrane was deformed into a concave shape by applying negative air pressure drop through the channel. 
 

Several silver nanoisland arrays with different size and inter-particle spacing were fabricated by varying initial 
thickness of silver film. The plasmon resonance wavelength has been characterized by using deformable 
nanoplasmonic membrane. The plasmon resonance of silver nanoislands is monotonically blue-shifted due to the 
increase of the nano gap spacing. Normalized extinction spectra of an initial film thickness 9nm and 12nm are 
presented in Figure3(a-top). The plasmon resonance wavelength tuning is plotted as a function of strain and initial 
film thickness in Figure3(a-bottom). The results obviously show that nanoplasmonic membrane’s color is 
blue-shifted as strain and initial film thickness increased.  

The enhancement of SERS signals were experimentally demonstrated by using deformable nanoplasmonic 
membrane with initial film thickness 9nm by controlling the plasmon resonance wavelengths. The plasmon 
resonance wavelength was continuously tuned by using deformable nanoplasmonic membrane with the tuning range 
by 40 nm, i.e., from 524 nm to 484 nm. SERS signal was obtained using Crystal violet 100μM with 488nm 
excitation. The five peaks of Crystal Violet, in descending cm-1 shift order, correspond to the following molecular 
vibrational modes: in-plane C-C, stretching vibration of N-phenyl ring, C-H in-plane bending, and C-H out-of plane 
bending. They are located at approximately 1625, 1400, 1187, 931 and 838cm-1. With the 488nm laser-excitation, 
these peaks are located, on the wavelength scale, at approximately 530, 524, 518, 511, and 508nm respectively. 
Figure 3(b-top) shows that SERS signal of crystal violet 100μM (vertically offset for clarity) when the plasmon 
resonance of deformable nanoplasmonic membrane were λPR=524nm, 504nm, and 488nm, respectively. SERS signal 
intensities at one of the major Raman-shifted wavelength (1400cm-1 or 524nm with the 488nm laser-excitation) are 
plotted as a function of the plasmon resonance (λPR) in Figure3(b-bottom). SERS signals demonstrate maximum 
enhancement at plasmon resonance λPR=504nm, which is the center wavelength of excitation and Raman shifted 
wavelength. It clearly shows that the maximum of the SERS effect to depend on both excitation and Raman 
scattering wavelength. This dependence is in good agreement with the surface induced Raman intensity in the case 
of island film. The product of optical extinction signals at both Raman wavelength and excitation wavelength 
becomes maximize when the plasmon resonance wavelength is equal to (λex+ λRS)/2. 
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Figure3. (a) The plasmon resonance has been characterized by using deformable nanoplasmonic membrane of silver 
nanoislands. The plasmon resonance is blue-shifted as the mechanical strain (top). The plasmon resonance tuning is 
plotted as a function of strain and initial film thickness. The plasmon resonance is blue-shifted as strain and initial 
film thickness increased (bottom). (b) Enhancement of SERS peaks depending on the plasmon resonance. The 
plasmon resonance wavelength is continuously changed by using the deformable nanoplasmonic membrane. SERS 
signal of crystal violet 100μM (vertically offset for clarity) when the plasmon resonance of deformable 
nanoplasmonic membrane were λPR=524nm, 504nm, and 488nm respectively. SERS signals at major Raman 
scattering wavelength (1400cm-1) vary with the plasmon resonance changes. (SERS intensities are divided by the 
scattering intensity) SERS signals demonstrate maximum enhancement with plasmon resonance λPR=504nm, which 
is the center wavelength of excitation and Raman shifted wavelength. 

 
To conclude, this work directly shows systematic investigation of the relationship between the plasmon resonance 

and SERS by using active plasmonics. Until now the study of the correlation between the plasmon resonance and 
SERS was indirectly carried out on ensembles of discrete nanostructures fabricated by electron beam lithography or 
nanosphere lithography. However, the matching condition between the incident wavelength, Raman shifted 
wavelength, and the plasmon resonance wavelength is difficult to guarantee without precise control over the plasmon 
resonance control in the order of 1nm or less. The precise control of the plasmon resonance wavelengths in the order 
of 1nm by employing active plasmonics enables to understanding these relationship with SERS. In this work, 
plasmon resonance was actively tuned by mechanical stretching with 1nm resolution for direct investigating of the 
relationship between the plasmon resonance and SERS. The functional substrates feature nanoplasmonic metal 
nanostructures on a stretchable elastomer. The circular elastomeric membrane is uniformly deformed in all directions, 
resulting in precise change of inter-particle distance. The inter-particle distance gives dynamic tuning of plasmon 
resonance. The SERS signal enhancement is directly observed by changing the plasmon resonance. This research 
enables as a guideline for how to select plasmon resonance of substrates to achieve extreme sensitivity of SERS for 
targeted molecule. Selection rule and active platform will allow the Raman detection of low concentration level 
molecules. In particular, active platform can also be integrated with diverse techniques of nanofluidic manipulation 
for advanced high-throughput small molecular bioassays. 
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Immunoassay Using Novel Nanoplasmonic Sensor inside Microfluidic Channels 
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Abstract

We report fabrication and performances of a new immunoassay device, which integrates a novel nanoplasmonic sensor array 
inside a microfluidic channel.  The new assay has demonstrated 106 fold detection limit enhancement of a model direct 
Protein A immunoassay over glass reference (from 2nM to 850 aM, i.e. 120 ng/ml to 50 fg/ml) and 6 fold of incubation time 
reduction (2 hours to 20 min) compared to conventional 96-well plate immunoassay. 

Keywords

Microfluidics, microchannel, nanochannel, nanoscale, plasmonics, fluorescence, fluorescence enhancement, immunoassay, 
limit of detection, incubation time, nanofabrication, nanoimprint, nanostructures, and Protein A. 

Introduction 

     One major challenge in fluorescence immunoassay (FIA) is to drastically increase its sensitivity while significantly reduce 
incubation time [1].  Nanoplasmonic structures can enhance the fluorescence signal [2], hence improving immunoassay 
sensitivity [3]. Microfluidic channels have been widely explored for Lab-on-chip, due to the advantage of much less 
incubation time and efficient deliver and use of analyte [4]. It is desirable to combine nanoplasmonic sensor and microfluidic 
technology together to build an ultra-sensitive and fast immunoassay plate, however nanofabrication is challenging. 

Here, we report fabrication and performances of a new immunoassay platform that integrates novel nanoplasmonic sensor 
into microfluidic channels and was fabricated by nanoimprint [5]. The new nanoplasmonic sensor is a 3D nanostructure, 
termed “disk coupled dots on pillar nanoantenna-array” (D2PA), which offers fluorescence enhancements much higher than 
previous approaches [6, 7]. The new assay platform has demonstrated 106 fold enhancement in the limit of detection (LoD) in a 
model direct Protein A immunoassay over glass reference (from 2nM to 850 aM, i.e. 120 ng/ml to 50 fg/ml) and 6 fold 
reduction in incubation time (2 hours to 20 min) compared to conventional 96-well plate immunoassay. 

Assay Structure and Fabrication 

     The assay has D2PA sensors in microfluidic channel (Fig. 1a).  The D2PA sensor consists of a dielectric nanopillar array 
(200 nm pitch, 70nm diameter and 56 nm height) with an Au nanodisks on top of each pillar, an Au backplane on the foot, 
and random nanodots (5 nm to 15 nm) on the pillar sidewalls (Fig. 1b). All metal components are self-aligned with each other 
and have nanogaps between them.  

     The fabrication of the microfluidic assay was done by three layer technology, where each layer are fabricated separately 
and then assembled. The three layers are: bottom D2PA sensor channel layer, middle PDMS inlet and outlet layer, and top 
thin glass cover layer (Fig. 1b).  To fabricate D2PA, Cr dots arrays were first patterned through nanoimprint. Nanopillars 
were then created through reactive ion etching (RIE) in photolithography defined regions. Then six shallow micro-channels 
(5μm deep, 400μm wide) and square reservoirs (5 μm deep, 500μm wide) were fabricated by photolithography followed with 
RIE. Finally, 40nm Au was evaporated on selected sensor area. Before sealing, the device was immersed in Dithiobis 
Succinimidyl Undecanoate (DSU) in 1, 4 dioxane solution to coat a self-assembly monolayer (SAM) as capture agent for the 
immunoassay.  

     The PDMS inlet-and-outlet layer was fabricated through spinning and imprint [5].  A PDMS film of 8 μm thick was first 
spin-coated onto a thin glass coverslip and then imprinted with a Si master mold. After imprinting, the PDMS was cured and 
then peeled off from the Si mold. Finally, the bottom layer with D2PA was aligned and bond to the PDMS/thin glass cover 
(Fig. 1d-g).  
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     For comparison, we also fabricated reference devices: (a) the microfluidic devices the same as D2PA microfluidic assay 
except no Au; for checking nanoplasmonic effects; and (b) D2PA plate on in 96-well plate (e.g. large fluid volume and no 
microfluidic channels) for checking microfluidic channel effects. 

 

Figure 1. Device structure and fabrication process. (a-b) Device architecture; (c) SEM image of Cr dots array fabricated by 
nanoimprint; (d-e) bottom-sensor and channel layer fabrication; (f) middle PDMS inlet-and-outlet layer; (g) Au evaporation 
and bonding of all three layers. 

Experiment 

      The immunoassay we used to test the detection limit and incubation time of our new microfluidic assay is a direct 
fluorescence assay that detects fluorescence labeled (IRDye800CW) Protein A using the DSU monolayer.  In the test, the 
labeled Protein A in PBS buffer solutions with concentrations from 1 fM to 100 nM (from 60 fg/ml to 6 mg/ml) of volume of 
100μL were separately injected into channels (one concentration per assay) using a flow rate of 5μL/min. Protein A 
molecules were captured on the DSU SAM through the ester-amine reaction, the unbounded molecules were flushed out 
using 100 μL washer ((PBS+0.5% TWEEN-20) with a flow rate of 10 μL/min.  

     The assay in conventional 96-well plate reference was performed in a standard way: 100μL labeled Protein A solutions 
were first added into separate wells and let it incubate for 2 hours. Then, each well was washed three times with washing 
solution. To read the immunoassay, fluorescence signal was collected through an inverted microscope equipped with an EM-
CCD (Fig.2a) and averaged over an area of 100 μm by 100 μm. For each concentration, 5 replicates were measured to obtain 
the standard deviation. 

Results 

     We observed significant LoD enhancements and incubation time reduction in microchannel D2PA over the references. In 
fact, six orders of magnitude enhancement in detection sensitivity (LoD) was achieved on our new plasmonic device. Figure 
2b shows the fluorescence intensity versus the Protein A concentration of the microchannel D2PA assay and the two 
references. Using the standard five-parameter logistic regression model, the microchannel D2PA assay demonstrated a limit 
LoD of 850 aM (50 fg/ml), which is about 106 fold better than the identical assay on the reference sample without Au coating 
(LoD =2 nM). And the reference of D2PA in 96-well plate assay gave a LoD of 1fM, similar to that of microchannel D2PA 
assay.  

     The improvement of limit of detection can be ascribed to two reasons: (1) the giant fluorescence enhancement of D2PA [8]; 
(2) the proper adhesive and spacer layer DSU, which captured Protein A and balanced the plasmonic enhancement and 
quenching effect of metallic structure.   
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Table 1 Limit of detection comparison. 

Sample D2PA in channel 
D2PA in 96-

well plate 
Nanopillars in channel 

without Au coating 

Limit of detection 850aM 1fM 2nM 

Improvement (fold) 2.4 106 106 1 

   

     We also observed that the incubation time in the microchannel D2PA assay is 6-fold shorter than D2PA in 96-well plate 
(from 2 hours to 20 min). The fast incubation is due to drastically reduce of average diffusion distance between the molecules 
to the capture layer which is D2PA surface.  

 
Figure 2.  (a) Optical setup of the model immunoassay experiment. The laser beam scan area is 100 μm by 100 μm; (b)-(c) 
Fluorescence Intensity versus Concentration. The five parameters logistic regression model shows a detection limit of 850 
aM for the D2PA in channel device; 2nM for the glass reference and 1fM for the D2PA in 96-well plate assay.  
 

     In summary, we report the fabrication and performances of a new immunoassay microfluidic device integrated with a 
novel plasmonic sensor plate. 106 fold enhancement of sensitivity and a 6-fold reduction of incubation time were achieved on 
a fluorescence-based direct immunoassay.  
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ABSTRACT 
This work describes the first use of a portable centrifugal microfluidic analysis system (CMAS) for on-site lab-on-a-disc 

water quality monitoring. The centrifugal microfluidic platform designed for the detection of nitrite in multiple water samples 
incorporates photo-switchable microvalves, which are easily controlled using white light irradiation. Calibration of the 
CMAS system resulted in a linear response that obeys the Beer-Lambert Law. Excellent correlation of results between the 
CMAS device and a standard UV-Vis spectrophotometer were obtained. 

KEYWORDS: Centrifugal Microfluidics, Colorimetric Analysis, Paired Emitter Detector Diode (PEDD), CMAS, nitrite 
 
INTRODUCTION 

Nowadays, there is great interest in in-situ monitoring allowing fast data acquisition for environmental analysis. The 
challenge is to develop portable devices that could be used in remote locations, which would ultimately enable dynamic 
monitoring. Typical analysis methods are very costly and time consuming, therefore addressing the need for a simple and 
cost-effective sensor is crucial. Micro total analysis systems provide a route to the generation of analytical instruments that 
can be operated in remote locations, enabling in-situ analysis. However, the development of fully integrated micro-fluidic 
devices requires the integration of micro-valves with an appropriate performance, as they are essential for the manipulation of 
flow in micro-channels. The incorporation of ionic liquids with a photochromic compound (benzospiropyran) within 
responsive gel matrices provides a hybrid material (ionogel) with many advantages over conventional materials [1]. The 
undeniable advantage of ionogel microvalves arise from the use of non invasive stimuli such as light, offering improvements 
in versatility during manifold fabrication and precise control of the actuation mechanism. The microvalve opening/closing 
mechanism can be controlled by applying localised white light irradiation using a low cost light emitting diode for example. 

 In this report, we present the design and development of a portable centrifugal microfluidic analysis system (CMAS) for 
on-site lab-on-a-disc water quality monitoring. Unlike the first generation system presented in MicroTAS 2011 [2], the new 
CMAS device employs not only colorimetric chemical detection, but also centrifugal disc spinning, enabling manipulation of 
fluids and analysis on site. We also present the first use of photo-switchable ionogel micro-valves in a lab-on-a-disc platform, 
which enables in situ nitrite detection of water samples. 
 
EXPERIMENTAL 

The centrifugal microfluidic platforms were fabricated in laminated acrylic and adhesive layers (Fig. 1). They contain 
several micro-fluidic systems with two inlet chambers - one for water sample loading and the other for Griess reagent. In the 
micro-channel, which connects the chambers with the detection area, the micro-valves were in situ photo-polymerised (Fig. 
2). On the both sides of the valve additional inlets were fabricated to feed the valve with the acidic solution, allowing it to 
swell (close the channel) (Fig.1c).  
 

 
Figure 1: a) Scheme showing the assembly of the micro-fluidic CD, b) picture of the Lab-on-a-Disc and channel consisting of 

seven microfluidic systems and c) magnification of a single microfluidic system consisting of three chambers. 
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A portable, in-house designed and fabricated CMAS that enables in-situ rotation of the disc and accurate measurements is 

presented in Fig. 3. A pulse-width modulation (PWM) controlled motor enables spinning of the disc in the wide range of 
speeds (500 – 4000 rpm), thus allowing for the loading of the samples to the detection chambers. The system is controlled 
wirelessly via a laptop serial interface, allowing the user to start/stop the CD, control the speed, alignment / detector LEDs 
and read the output of the detector. The detection system uses a low cost paired emitter detector diode (PEDD) achieving 
excellent signal-to-noise ratio and sensitivity. The optical emitter-detector pair is easily interchangeable allowing a wide 
range of centrifugal micro-fluidic layouts to be implemented using this system.  

Nitrite detection was carried out employing the Griess reaction method, leading to the formation of an azo dye that can be 
detected at 547 nm (Fig. 4) [3]. After loading the Griess reagent and water sample in the upper chambers, rotation at 1000 
rpm forced the liquids towards the detection chambers. For kinetic studies the micro-valves were in the closed state, avoiding 
fluids flowing through the channel. Next, the white LED was switched on for the reaction chamber of interest, resulting in the 
valve shrinking, thus opening of the desired micro-channel.  Subsequent spinning of the CD allowed for loading of the fluid 
to the detection chamber, where mixing and the readout took place. 

 

 
Figure 4: Mechanism of the nitrite detection employing the Griess reaction method [3]. 

 
RESULTS AND DISCUSSION 

To demonstrate the utility of the system, a study of the colour formation between NO2
- and Griess reagent was performed 

using both the CMAS and UV-Vis spectrophotometer for control (Fig. 5). The development of the nitrite Griess reagent 
complex colour intensity was monitored for the detection of NO2

- by taking absorbance measurement at !max of 540 nm for 30 
mins. A linear correlation between the discharge time and the nitrite Griess reagent complex concentration was obtained 
(R2=0.99), which aligns well to the calibration curve obtained with UV-Vis spectrophotometer (Fig. 5, right side).  

Next, freshwater samples from 5 random locations around Ireland were measured at 540 nm comparatively using the 
CMAS and a UV-Vis spectrophotometer for control. Fig. 6. shows excellent correlation between nitrite results obtained using 
the CMAS system and UV-Vis spectrophotometer.  

Figure 2:! a) Scheme of the photo-switchable 
polymer matrix and schematic of the valve actuation 
 b) Ionogel micro-valve in opened (left) and closed 
(right) state. 

Figure 3: Portable centrifugal microfluidic analysis 
system. 
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Figure 5: Kinetic study of the colour formation between NO2
- and Griess reagent (n = 2) (left side) and absorbance versus 

nitrite Griess reagent complex concentration (right side) using a UV-Vis spectrometer (a) and the CMAS system (b). 
 
 
 
 
 

 
 

 

Figure 6: Water nitrite analysis using a bench-top UV-VIS spectrometer and the CMAS device and a  
map of the sampling places (n = 3). 

 
CONCLUSION 

This work successfully demonstrates the portable capabilities of the system, which in combination with the centrifugal 
platform provides the flexibility needed for on-site monitoring of water samples. The integration of a wireless communication 
allows the acquisition of parameters to be controlled remotely and to be adjusted according to individual needs, in addition to 
enabling data transfer. Future work will be focused on the further incorporation of additional assays within the centrifugal 
platform, thus enabling multiparameter analysis of water samples using single platform. 
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ABSTRACT 

In this study, we propose a simple observation method of the shape and molecular orientation of the 
chromosomes extracted from the cell for a sample-to-analysis system in clinical diagnosis. The proposed technique 
is composed of total preparation technique such as cell immobilization, chromosomes extraction, stretching, 
suspension and analysis using a disposable microchip controlled by centrifugal force only. It is experimentally 
confirmed that the chip having two kinds of microstructures arranged concentrically on a chip is possible to 
immobilize cells and stretch chromosomes extracted from the immobilized cells.  
 
KEYWORDS 
Gene Analysis Chip, DNA fiber, Centrifugal force, Chromosome, Clinical Diagnosis, Photolithography.  

 
INTRODUCTION 

Several visualization methods for intact chromosomes without fragmentation were proposed to stretch the 
chromosomes extracted from living cells for high resolution observation with the fluorescent microscopy [1-4]. The 
conventional methods can precisely manipulate few chromosomes with complex operation, but are not suitable for 
observing the specific sequences in large number of chromosomes for clinical diagnosis. So, we have proposed the 
rotating microchip that has micromesh structure concentrically, examined the liquid inside suspending method, 
quantitative evaluated stretching shape of chromosomes and dyeing efficiency and performed validity verification 
using HeLa cells [1]. In this study, we propose a fully-integrated device performs to stretching of chromosomes from 
cell immobilization by rotating the device for a sample-to-analysis system in clinical diagnosis. Furthermore, we 
simultaneously fabricated the device composed of opened cone-structures trapping cells and micro-bridges 
suspending DNA fibers by the rotated/inclined exposure method with single step, evaluated efficiency of the cell 
immobilization, performed stretching chromosomes from immobilized cells.  

 
 

 
a) Cell immobilization by centrifugal force and stretching of chromosomes by shear force 

 

 

b) A opened cone structure trapping a cell c) Micro-bridges suspending fiber chromosomes 
Figure 1. Schematic of DNA fiber preparation technique on a chip for a sample-to-analysis system in 
clinical diagnosis 
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PRINCIPLE OF CHROMOSOME STRETCHING 
Figure 1 shows schematics of DNA fiber preparation technique on a disk-like chip for a sample-to-analysis 

system in clinical diagnosis. The proposed device applied to the centrifugal force as a principle for all the operations, 
can immobilize a number of cells at once, has the feature that can stretch the chromosomes from immobilized cells, 
simultaneously.  
 

ab

c

 

a

b
c

UV
 

a) Exposed area b) Exposed position 

Figure 2.  Principle of rotated/inclined exposure method with a fixed mask 
 
 
FABRICATION PROCESS 

The structures of the proposed device consists resin by the single process of the rotated/inclined exposure method 
as shown in Fig.2. The proposed process involves directly spin-coating a thick negative photoresist SU-8 on a 
patterned mask and rotational exposing it from the backside through a fixed mask. During the exposure process, the 
photoresist with the mask is continuously rotating under constant incident angle. The fixed mask over the rotated 
mask limits the exposure area on the rotated mask. A large variety of microstructures are fabricated by the 
combination of the mask patterns of the rotated and fixed masks. Figure 3 shows SEM images of the fabricated 
device, external diameter is 14mm, there are the cell traps and the mesh structures concentrically.   

 
 

a) Opened cone structures trapping cells b) Micro-bridges suspending fiber chromosomes 
Figure 3. SEM images of the fabricated device 

 
 
RESULTS AND DISCUSSION 

For the experiment of the cell immobilization, the fabricated device could immobilize cells up to 600 cells by the 
centrifugal within 10 seconds. Also, figures 4 and 5 show a fluorescent image of stretching chromosomes extracted 
from the cell immobilization, and the chromosome stretching efficiency from the trapped cells, respectively. By 
controlling the spin speed and attaching a cover, the proposed device achieves 30% higher chromosome stretching 
efficiency from the trapped cells than the previous device. 

To confirm the validity of the microchip, we compared concentric microstructures; flat, wall, and mesh/trap 
structures on the rotating microchips. The proposed micro-mesh structures with cell trap array have higher efficiency 
than the conventional methods, and can achieve high-throughput and steady detection of the specific sequences in 
large number of the chromosomes for clinical diagnosis with the simple technique. 
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Figure 4. Fluorescent image of stretching chromosomes extracted from trapped cell 
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Figure 5. Chromosome stretching efficiency from the trapped cells 
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In this study, we propose a simple observation method of the shape and molecular orientation of the 
chromosomes extracted from the cell for a sample-to-analysis system in clinical diagnosis. The structures of the 
proposed device consists resin fabricated by the single process of the rotated/inclined exposure method It is 
experimentally confirmed that the chip having two kinds of microstructures arranged concentrically on a chip is 
possible to immobilize cells and stretch chromosomes extracted from the immobilized cells. 
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ABSTRACT 

About 45% couples with infertility have been inferred due to a male factor. Total concentration and motile 
percentage of spermatozoa are two major factors in semen quality assessment. Recently, many microfluidic devices 

have been developed to quantify these two factors
1, 2

, but to the best of authors’ knowledge, none of a device can 

evaluate both total and motile sperm concentrations in a single test. This paper presents a method of separation and 

sedimentation to assess both factors simultaneously in a microfluidic device. Results reveal good correlation with 

standard microscopic investigations. 

 

KEYWORDS 

Sperm analysis, Fertility, Microfluidic device, Cell counting 

  

INTRODUCTION 

The deteriorating trends of human semen quality and infertility have been serious issues on human reproduction 
in recent decade. About one out of six couples will visit the fertility department of the hospital since they have 

problems with getting pregnant. Male infertility is the main factor in ~46% of the case, while combination of 

abnormalities for both the man and woman account for the same percentage. Diagnosis for a man suffering problem 

of infertility clinically focuses on examination of sperm quality, which is characterized by eight indices by the World 

Health Organization. Among these factors, sperm concentration and sperm motility could be the most important 

factors relating to fertility and usually the first checked. 

Before treatment of infertility, semen quality information is needed. Semen assessment is a first step in the 

investigation of the male fertility and given a description of the semen and contents. Currently, laboratory and 

hospital technicians still observe the performance of spermatozoon in semen through microscope with hemocytomer 

or Makler chamber, as a first step treatment of infertility couple. Thence several research groups have attempted to 

development novel technology or devices for semen assessment. So far, computer-aided sperm analysis (CASA) is 

developed with high level optical equipment and software which assess spermatozoon counts by size filter, motility 

by tracking program and morphology by stain. Beside, sperm quality analyzer (SQA) is visible in hospital and small 

laboratory. The SQA is for a quantitative evaluation of semen parameters using electrical optics to determine 

concentration and motile percentage. The assessments are not accurate and stable as CASA in low concentration and 

motility. 

The paper presents a microfluidic device which judges two main factors for infertility treatment. The first issue is 

to develop a specific fluid pattern guided by microstructures. Second, the key concept of separating motile sperm in 

two different regions based on swimming feature of sperms. Third, the pellet area was from by sedimentation; the 

total concentration and motile percentage can be evaluated by pellet area analysis. Finally, we demonstrated the 

efficacy of the device, characterizing its ability to assess both total sperm concentration and motile sperm percentage 

simultaneously. This microfluidic device is suitable for sperm quality analysis without the aid of expensive 

microscope. 
 

Design concept 

Figure 1a illustrates the key concept of the microdevice composing of two channels separated by a phaseguide 

structure. Semen is loaded to the left channel in contact with buffer at right channel without disturbance. Presumably, 

all non-motile sperms will stay at left channel and motile sperm can swim randomly at both channels to achieve a 

dynamic equilibrium, i.e., 50% motile sperms stay in right channel. After centrifugation, pellet areas can describe 

sperm quantity
3
, and both total and motile sperm concentration can be estimated based on calculation of occupied 

area. Figure 1b shows the device photo and enlarged regions of loading site and sedimentation sperm counter. 

Phaseguide structures
4
 facilitate volume quantification and control the liquid filling sequence. Counter region 

collects sperms to form pellets after sedimentation. The semen and buffer loading sequence is presented in Fig. 1c. 

Loaded semen and buffer generate liquid-air meniscus along with phaseguide, and then buffer overflows the gap and 
interface contacts gently. Figure 1d presents the entire experimental protocol. Semen and buffers are loaded in chip 

and wait for dynamic equilibrium. Chip is then fitted in tube for centrifugation, and images of resulted pellets are 

captured and analyzed. 

 

Dynamic equilibrium of motile sperms 

The time required to reach dynamic equilibrium of motile sperms was experimentally verified in a wide range of 

motile sperm concentrations. Video recording of the buffer region of the main channel would reveal the equilibrium 
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process. Figure 2 shows the number of sperms appeared in the recording area analyzed every minute for 20mins. No 

sperm was observed initially, and number of recognized sperms reached an equilibrium value gradually. Regardless 

of motile sperm concentration among five samples, dynamic equilibrium of motile sperms was achieved after about 

14 minutes.  

The dynamic equilibrium process of motile sperms can be modeled analogous to particle diffusion. Diffusion 

coefficient (Ds) of motile sperms was roughly estimated by D� �
��������	��
�	�
���

���
	���	
���	��
�
�

ℓ�

�
�

�����

��
� 4.225 �

10!�"	m"/s. An analytical solution for diffusion in one-dimension was applied to calculate the mixing scenario, i.e., 
motile sperms evenly distribution in the entire main channel. The entire width of the main channel was 3 mm, while 

sperms occupied only 1.2 mm initially. Computation showed the percentage mixing of motile sperm reached 98% 

after 14 mins, which agreed well with experimental observation. Hence, 15 mins of equilibrium time was applied for 

all experiments in this work. 

 

Optimization of sedimentation procedure  

Relative centrifugal force (RCF) is one of the important factors to form compact and robust pellets. Figure 3 

shows evolution of sperm pellet area with increased RCF from four samples with different concentrations. Inserted 

photos indicate the process during the pellet development. Over 1000xg is considered sufficient centrifugal force for 

a constant pellet formation. The error bars represent standard deviation from three independent tests all with 5 mins 
centrifugation. 

 

  

 

Figure1. Design concept and experimental process. (a) Method of calculating both total and motile sperm 

concentration (b) Design of the microfluidic sedimentation counter. (c) Illustration of liquid filling sequence. (d) 

General steps for sperm quality assessment. 

 

Figure 3 Pellet evolution under different relative centrifugal force. 
 

Figure 2 Diffusion time of motile sperms                      
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Assessment of sperm quality  

Total concentration of sperms is the first factor that needs to be addressed for its quality assessment. After 

characterizing sample loading, dynamic equilibrium, and sperm sedimentation, numbers of samples with different 

concentration and motile percentage were tested. Total pellet area (Pellet A+ Pellet B) in the SSC, which represented 

total sperm concentration, was compared to the concentration obtained from manual counting on a Makler chamber, 

as shown in Figure 4. The error bars represent standard deviation from three independent repeats of the same sample. 

The linear regression revealed good correlation with coefficient of determination R
2
= 0.97. In other words, total 

pellet length was directly proportional to the sperm concentration in the testing range of 15-110 million sperms per 

milliliter. Besides, results also specified that every 1 µm pellet increment indicates 〜290 sperms stack in the SSC. 

Since the total sampling volume was 2.3 µl, this implied the resolution of sperm counting was 290 � 2 �
�'''

".(
�

0.25	M	sperms/ml under ±1 µm image resolution in this study.  

Motile sperm percentage was evaluated by calculating the relationship of the two SSC channel [Pellet 

B×2/(Pellet A+Pellet B)]. Figure 5 compares the motile percentage from pellet analysis and Makler chamber. The 

assessment evaluated motile percentage in range of 10-70 % which covers the cutoff value in 40% by WHO. A good 

coefficient of determination showed R
2
= 0.84 with respect to the theoretical relation y=x. In addition, most cases 

revealed standard deviation of within ±5%. The two deviated cases around 20-30% motile percentage showed 
slightly higher motile percentage. It was conceivably caused by the minor disturbance during the sedimentation 

process due to imperfect chip fabrication. 

 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Conclusion  

We demonstrated the design, fabrication, and characterization of microfluidic device for assessing spermatozoa 

quality. The designed phaseguide structure has been employed in this work to generate desire fluid patterns for 

sample loading. In addition, the device utilized separated and sedimentation concept to evaluate the sperm quality. 
Experimental protocol for stable and accurate results was also optimized. Unlike other sperm-counting techniques, 

the device requires no high level microscope and training of technician. It is conceivably an accurate and easy 

approach for sperm quality assessment. 
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Figure 5. Sperm motility from pellet analysis compared to 
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Figure 4. Sperm total pellet area compared to total sperm 

counts from Makler Chamber. 
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ABSTRACT 

The binding of ligands to receptors initiates signal transduction. Our understanding of the early signal transduction 
events is limited by the poor temporal resolution of current analytical methods. To address this challenge we have 
developed a microfluidic strategy for capturing these processes with millisecond temporal resolution. A single cell 
continuous flow processing method based on deterministic lateral displacement principles was developed and used for 
cell triggering with microsecond precision. Using precisely defined ligand incubation periods the sub-second receptor 
tyrosine kinase autophosphorylation dynamics were investigated. 
 
KEYWORD  
Microfluidics, Deterministic Lateral Displacement, Signal Transduction, Single Cells, IGF-1 Receptor  
 
INTRODUCTION 

The interface between the cell surface and its microenvironment represents the communication front for information 
processing, signaling and the emergent behavior of the biological system. These events are initiated and cascade 
following the interaction of ligands with their host receptors. These molecular interactions are of critical importance for 
understanding a tremendous spectrum of diseases and are prime targets for therapeutic intervention. Early signal 
transduction events include conformational and autocatalytic modifications, such as tyrosine auto-phosphorylation. 
This functionality is fundamental to the onset of many signaling pathways. In this work, we focus on type I insulin-like 
growth factor receptor (IGF-1 receptor), a receptor tyrosine kinase. The IGF-1 receptor plays an important role in both 
normal and abnormal growth. It is particularly important in anchorage-independent growth. Alterations in the auto-
phosphorylation balance may therefore lead ultimately to malignancy [1, 2]. However, the sequence and mechanism of 
the conformational and biochemical alterations occurring during signal transduction are poorly understood. Methods 
which enable near-instantaneous receptor stimulation and reaction arrest are required to investigate the sub-second 
molecular mechanisms underpinning signal transduction. 

Current time course methods involve the addition of macroscale volumes for receptor stimulation followed by the 
rapid addition of other macroscale volumes to arrest processes and capture molecular states. With this approach the 
stimulation and arrest of the cells’ receptors are slow, limiting the temporal resolution of the experiments. In contrast, at 
microscopic scales flows are combined in the laminar state with diffusion-limited mixing such that stimulation and 
arrest only occurs at the interface between flows (i.e. only a small sub-fraction of cells are stimulated) [3]. This abstract 
details the design and characterization of a microfluidic strategy for coating single cells with ligands and subsequent 
signal transduction arrest with microsecond precision. The technique was used to investigate the sub-second dynamics 
of ligand-mediated IGF-IR auto-phosphorylation.  
 
EXPERIMENT 

To capture signal transduction transitions we have developed a deterministic lateral displacement system based on a 
pinched flow fractionation [4] architecture for deflection of cells across the virtual interface between laminar streams 
for near-instantaneous ligand delivery and reaction arrest. The method involves differential volumetric flows 
converging at a microchannel constriction that we refer to as a stream thinning element (STE) (Fig. 1) [4]. Transport of  
 

 

Figure 1. Diagram of the deterministic lateral displacement system with a STE 
for stimulation, incubation path and channel bifurcation with a STE for reaction 
arrest (A). Single cell deflection into a dye-doped ligand stream (B).  
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a continuous stream of cells through the STE causes the cells to impinge on the surface for deflection into a parallel 
stream containing the ligand. Here, the STE compresses the cell containing stream width below the cell radius for 
deflection into the ligand-doped stream. Subsequent channel expansion can be used to amplify the displacement, 
submerging the cells in the ligand-doped flow. Following an incubation period, the process is repeated for reaction 
arrest. 

Microfluidic circuits were replicated in PDMS, packaged by plasma bonding and fluidically interconnected using a 
plug and play strategy for flow actuation with a syringe pump. Systems were designed with 25-m-wide and 200-m-
long STE structures and an expansion channel 250 or 500 m in width (i.e. a 10-fold or 20-fold expansion). The STE 
structure is repeated downstream for reaction arrest at distances which define the duration of treatment (e.g. 100 ms). A 
flow ratio of 7:1 (stimulant Q:cell Q and reaction arrest buffer Q:cell Q) was used for deflection producing a cell stream 
width of 3.1 microns, significantly smaller than the 7.9 m (SD ± 1.1 m) HeLa S3 cell radius. The maximum cell 
stimulation and reaction arrest mean velocities within the STEs were 100 and 400 mm/s, respectively. At 500 mm/s 
there is minimal impact on membrane integrity and cell viability (Fig. 2(A)). However, the velocity limits are defined 
by the reaction arrest STE, where the addition of the reaction arrest buffer increases the STE velocity 4-fold. The 
velocity limit is determined by inertial effects, which generate a vortex at ≥500 mm/s. This flow pattern prevents 
reaction arrest at defined periods. (Fig. 2(B)). To avoid this problem a reaction arrest STE velocity of 400 mm/s was 
used necessitating a stimulation STE velocity of 100 mm/s. At this velocity 95.4% (SD ± 3.5%) of the cells remained 
intact during transit through the device (Fig. 2 (A)) and were viable as determined by subsequent culture.  

 

 
 

Figure 2. STE velocity impact on membrane integrity (A). Vortex 
produced by inertial effects using a STE velocity of 500 mm/s (B).  

 

Using 100 mm/s stimulation and 400 mm/s reaction arrest velocity conditions we have designed different 
microfluidic stimulation–quench systems for capturing early signal transduction events using defined incubation 
periods (0.1, 0.5 and 2 seconds). The temporal resolution was measured using a high speed camera (EoSens mini2, 
Mikrotron GmbH). The STE transport time or switch is defined as the period from first dipping the cell into the ligand 
stream, transport along the STE, and finally complete submersion in the ligand-doped flow. The switch was 2.24 ± 0.15 
ms at the stimulation STE and estimated to be ¼ this value at the reaction arrest STE (Fig. 3(A,B)). On closer 
inspection, cell–wall interactions were observed to impart a rolling motion to the cells which acts to envelope the cell 
with ligands. With a ‘no-slip’ boundary condition and zero diffusion distance assumption, the switch of this self-mixing 
process was 103 ± 30 s at the stimulation STE (Fig. 3 (C,D)). The higher velocity at the reaction arrest STE prevented 
the observation of possible cell rolling with the current camera.  

 

 
 

Figure 3. Cell transported through the STE (A). The switch for cell stimulation (red) 
and reaction arrest (blue) (B). Cell rolling in the STE which produces a self-mixing 
phenomena. The rolling switch is determined by the cell stream width (wcs) and the cell 
radius (rcell)(C). Disruption of a dye-doped laminar stream by rolling single cells (D). 
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The temporal precision of the incubation phase is affected by cell size heterogeneity; different-sized cells follow 
different trajectories and within the parabolic, Poiseuille flow different cell velocities result which leads to size-
dependent ligand incubation periods. This was managed by the use of a wider (500 m) expansion channel to create a 
flat-fronted Hele-Shaw velocity profile in combination with vertical cell focusing at the channel mid-height using a lift 
flow. The velocity and incubation coefficient of variation were reduced from 9.9 % to 3.7% (Fig. 4).  

 

 
 

Figure 4. Size-dependent trajectories (A). Lateral (B) and vertical (C) flow profiles measured by PIV. Blue, 
green and red circles indicate the cell positions. Cell velocity distribution in the original (blue) and optimized 
(green) systems (D). 

 

The system has been used to investigate the onset of IGF-1 receptor auto-phosphorylation. Cells were stimulated 
using a saturating 100 ng/mL IGF-doped flow, and following incubation the phosphorylation states were captured by 
deflection into a fixation buffer stream in readiness for off-chip phospho-IGFR immunostaining (Fig. 5(A)). Tyrosine 
residue 1131 within the kinase activation center was investigated. Within 100 milliseconds Tyr1131 was 
phosphorylated at levels (mean intensity 45.3, SD ± 14.0) equivalent to 0.50 and 2.00 s treatments and also the positive 
control (5 minute treatment, Fig. 5(B)). Auto-phosphorylation therefore occurs within 100 ms of ligand binding. 
Indicative of the stochastic nature of signaling, the negative controls had varied phosphorylation levels. Nevertheless, 
the negative control values (mean intensity 19.78, SD ± 20.59) were significantly lower (p < 0.001) than the values 
from IGF-treated cells.  

 

 
 

Figure 5. Overlaid bright field and fluorescent 
microscopy images of single cells stained for 
pTyr1131 (A). IGF-1 receptor Tyr1131 auto-
phosphorylation transitions. (B). 

 

In summary, this abstract presents a novel method for capturing ultra-fast cell surface events. The microfluidic 
method involves microsecond switching precision, enabling events to be determined with millisecond resolution. To 
demonstrate the potential of this technology we are the first to report receptor tyrosine kinase autophosphorylation 
within 100 milliseconds of ligand stimulation. The technique offers unique insights into whole cell signal transduction 
kinetics which can be used to elucidate molecular mechanisms and define targets for rationally-designed therapeutics.  
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ABSTRACT 
Studies of dynamic processes in Caerhohabditis elegans require the ability to image subcellular structures and thus 

immobilize animals continuously while providing them with nutrients for several hours. Standard techniques utilize glue 
or anesthetics, which alter physiology and prevent feeding. We present a platform to immobilize animals’ bodies for 
several hours for continuous or frequent imaging, while simultaneously allowing feeding of the animals. This platform 
uses the thermo-reversible sol-gel transition of the polymer Pluronic F127 to immobilize animals in a microfluidic array 
of traps with positional guides, which immobilize only the body, and leave the head free to move and feed. 
 
KEYWORDS 
C. elegans, live imaging, continuous immobilization, physiological conditions 
 
INTRODUCTION 

C. elegans has been used as the model organism to study a plethora of functions of the nervous system, which aids in 
the understanding of processes such as synaptic development, neuronal regeneration, and genetic regulation of behavior 
[1-3]. The need for live and dynamic studies of these processes, where events can be observed uninterrupted as they are 
occurring, is becoming increasingly relevant to furthering our understanding. However, such studies are extremely 
difficult to perform in practice. Specifically, uninterrupted imaging requires continuous immobilization of the animals’ 
bodies for high-resolution imaging at physiological conditions; the animals have to be allowed to feed while 
immobilized. We developed a platform, which combines the functionality of Pluronic F127 [4] on which we previously 
reported [5], together with a microfluidic device. The device is an array of channel traps with positional guides, or 
“muzzles”. These muzzles position the animals such that the body remains in trapping channels to be immobilized, while 
heads protrude into a nutrition and stimulus delivery channel (Fig 1). The traps are then filled with Pluronic F127 
solution, which gels and immobilizes the bodies, and heads are exposed to flow of nutrients. In this fashion, the bodies 
can be continuously imaged at physiological conditions, while the animals are free to feed throughout the experiment.           

                                                              
 

Figure 1: a) The device is an array of channels, each with a muzzle at its outlet, designed to trap and 
position animals so as to immobilize bodies, while leaving heads free to move. b) The dimensions 
and design elements are tailored to immobilize L4 through adult animals. 

EXPERIMENTAL 
Chip Fabrication.  Microfluidic devices were fabricated in poly(dimethylsiloxane) (Sylgard 184, Down Corning) using 
soft-lithography techniques. The device was designed in AutoCAD (Autodesk); chrome masks were prepared by Elvesys 
(Paris, France); these were required due to small spacing between muzzle features. Masters were fabricated on silicon 
wafers using SU 2050 (MicroChem) photoresist with 45 micron tall features and treated with tridecafluoro-(1,1,2,2-
tetrahydrooctyl)-1-tri-chlorosilane (UCT Specialties, LLC). Masters were molded into PDMS with the ratio of polymer 
to cross-linker of 5:1. The devices were bonded to glass slides or cover slips via plasma bonding. 
Experimental Setup.   The device has three inlets – two for media and nutrients, and one for loading animals, and two 
outlets – one to withdraw liquid (main outlet) and one to empty the loading chamber (flushing outlet). (Fig 1, Fig 2). All 
inlets and outlets are cut with 21 gauge pins except for the animal loading inlet, which is cut to a large ~4x5mm opening. 
Fluids are delivered and withdrawn via PE-60 tubing (Micro Medical Tubing, Scientific Commodities, Inc.) connected to  
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Figure 2: The setup procedure is designed to result in properly positioned and immobilized animals, so that they can feed 

throughout the experiment while being imaged. The procedure is very simple and only requires the researcher to load 

proper solutions and open or close inlets or outlets as specified in each step. 
 

the device with metal pins. Fluid manipulation is done using a simple syringe pump.  First, the device is pressurized via 
the outlet (Fig 2b). After all gas bubbles have been removed, negative pressure is applied to the main outlet, and animals 
are loaded into the animal loading inlet in 0.2% w/v Pluronic F127 solution. From here they are pulled into the traps (Fig 
2c). Next, both outlets are opened and the device is flushed with 10% w/v PF127 solution to remove untrapped animals 
(Fig 2d). Then, chilled 25% w/v PF127 solution is dropped into the inlet and allowed to flow through the traps until the 
sol-gel transition occurs, which immobilizes the animals. Lastly, the media inlets are opened to allow flow of nutrients 
and stimulants to wash over the animals’ heads. Proper positioning of animals and immobilization thus all occur without 
direct manipulation from the researcher, but are handled passively by the device. Nutrient solution consists of S. basal 
nematode buffer containing cholesterol and suspended OP50 E. coli bacteria. Flow of this solution is maintained 
throughout the experiment for constant nutrient delivery and gas exchange after loading.  

 

 
 

Figure 3: a) The loading efficiency is sufficient for both continuous and frequently intermittent imaging requirements. b) 

Temperature measurements on-chip shows that the animals are never exposed to temperatures outside their 

physiological range during the loading procedure. c) and d) The gel forms throughout the device where the solution is 

present and is eroded rapidly in the main channel and inside the muzzles while being stable in the trapping channels. 

 
RESULTS 

The main advantages of the design of the platform are the broad applications and the ease of transferring the 
technology to other laboratories. We focused on simple fabrication, minimal external peripheral requirements, and a 
simple experimental setup. By following the setup procedure, the microfluidic device is capable of trapping and 
immobilizing animals within the channels and leaving their heads free to move without active manipulation from the 
researcher. The positioning occurs passively via geometry and hydrodynamic properties of the device. Manual 
manipulation only includes loading the proper solutions and opening the appropriate inlets or outlets accordingly.  

Proper loading depends on efficiently loading animals into the channels, on limiting the gel to the trapping channels 
only, and  on not exposing the animals to temperatures outside their physiological range. The average number of animals 
trapped in the device after each loading is ~4 (Fig 3a). This is sufficient when continuous or intermittent imaging is 
required, as the number of animals that can be imaged is limited by imaging time and stage movement. 

After loading of animals and of the chilled PF127 solution, the sol-gel transition occurs everywhere the solution is 
present, which includes the muzzles around the animals’ heads. However, after opening of flow of media, the gel in the 
muzzles is rapidly eroded, while remaining stable inside the channels (Fig 3b and 3c). Also, loading the solution chilled, 
which is necessary to ensure that the solution surrounds the animals completely before forming a gel, never exposes the 
animals to temperatures outside their physiological range. The average lowest temperature as the solution enters the 
trapping channels is 13 ºC, after which the solution keeps warming up further (Fig 3d).  
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Figure 4: a) The flow of bacteria through the device causes minimal formation of biofilm in the muzzles and bulk of the 

delivery channel over the duration of a typical experiment. b) The flow around the muzzles (visualized with fluorescent 

particles) is slowed compared to the bulk of the channel, thus decreasing shear and improving feeding by increasing 

bacterial residence time. 
 

Following the setup, animals are fed bacteria suspended in culture media at an OD600 of 0.8. We verified that the flow of 
bacteria through the device does not lead to excessive formation of bio-films (Fig 4a), which would affect the animals 
negatively. We also qualitatively observed the flow in around and in the muzzle area, as compared to the bulk of the 
channel (Fig 4b). The flow here, visualized by tracking fluorescent particles, is significantly slowed, which decreases 
shear and increases bacterial residence time, allowing for proper feeding. Immobilized and feeding animals’ bodies may 
shift mildly over the period of several hours, but their bodies remain completely immobilized over a period of several 10s 
of seconds. The immobilization is sufficient to image subcellular objects such as fat droplets labeled with a fluorescent 
marker (Fig 5a). In figure 5b, we overlaid an image of the same animal from three time points 20s apart. As the animal is 
feeding and freely moving its head around, the body remains perfectly immobilized, even while being exposed to blue 
light as it would be while being imaged in standard experiments.  
 

                      
 

Figure 5: a) We were able to image fat droplets stored inside intestinal cells, which were labeled with a fluorescent 

marker. Images were obtained by combining 82 individual slices (four example slices are shown) spaced 0.5µm apart 

into a flattened z-stack, while the trapped animals were feeding. b) The three-image overlay shows that while animals are 

immobilized in the gel, their bodies remain perfectly immobilized, despite their heads being free to move and feed. 
 

CONCLUSIONS 
We present a platform, which traps animals in individual channels bodies using the functionality of PF127 solution, 

while leaving their heads free to move and feed. We have demonstrated the ability of the system to efficiently load 
animals at physiological conditions, and maintain these conditions via nutrient delivery, while keeping their bodies 
immobilized for imaging.  
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ABSTRACT 
We have developed a microfluidic reactor array enabling cytotoxicity analysis with a single experiment. This system 

creates a wide range of concentration gradient of an inhibitor and tests the effect of each concentration on cell viability. From 
a single on-chip experiment, we determined the effects of two inhibitors on NIH/3T3 fibroblast viability and obtained their 
IC50 values in a fast and efficient manner. The present system represents a common set of tools for the screening of small 
molecules on all kinds of cells and observing their effects on cell behavior, keeping the integrity of the qualitative and 
quantitative information.

KEYWORDS: cell-based assay, concentration gradient, cell culture 

INTRODUCTION 
To evaluate the effectiveness of drug candidates on target diseases or disorders, the half maximal inhibitory concentration 

(IC50), the value indicating the amount of drug molecules needed to suppress the biological or biochemical functions by half, 
is widely used [1]. Conventionally, targeted cells are cultivated in vitro in flasks, petri dishes, or well-plates and exposed to a 
wide range concentration gradient of the drug candidates in a linear or logarithmic dilution series[2], using milliliters of 
reagent and thousands of cells for each single data point. To increase the number of tests executed in one experiment with 
less volume of reagents, a cellular microarray and microfluidic cell chambers were reported. [3, 4] Although those 
methodologies could easily create a controlled concentration gradient, enormous amounts of reagents and samples should be 
provided, which is a major limitation when applied to a limited stock of chemicals. We report an integrated 
multicompartment device cell-based cytotoxicity test through a log-scale concentration gradient of a molecule on adherent 
cells, such as NIH/3T3 fibroblasts. By integrating cell culture microchambers with our previous microfluidic system for log-
scale gradient formation[5-7], we obtained cell-based IC50 values of hydrogen peroxide (H2O2) on NIH/3T3 fibroblasts, in a 
fast and efficient manner. 

THEORY 
Our microfluidic system, shown in Figure 1, is composed of 3 gradient formers (GFs), each composed of 4 discrete 

processors, flanked by 2 other processors for positive and negative controls, as shown in Figure 1. Each processor is 
composed of a metering section, a mixing section, and a cell culture section with top open well-shaped microchambers. The 
metering section allows the formation of a wide range concentration gradient of chemicals that can be introduced into the 
microchambers to be tested on the cells. By introducing hydrogen peroxide (H2O2) at different concentrations into the GFs, 
we can generate a concentration gradient from 16.88 mM to 0 mM in the 14 cell culture microchambers.  By introducing 

Figure 2. NIH/3T3 cell viability after 
2h and 24h of culture in micro-
chambers with untreated surface (No 
treatment) or after fibronectin coating 
(Fibronectin). Scale bar = 200 µm. 
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cells from the top of the microwells, we can seed each microchamber with a controlled amount of cells. 

EXPERIMENTS
The first step to the evaluation of IC50 values of H2O2 in our system was to have a sterile environment where cells can be 

cultivated. We sterilized the microchambers by autoclaving the device. After drying, we treated the well-shaped 
microchambers for cell culture by coating the surfaces with fibronectin. NIH/3T3 cells were then introduced into the well-
shaped microchambers from the open top using capillary tips. After introduction into the microwells, the cells settled to the 
bottom of the chamber and attached to the treated surface. After 2 hours, different concentrations of inhibitor were introduced 
into the microchambers and incubated with the cells. After incubation, live/dead cell assays were performed by introducing 
fluorescent dyes into the culture medium, calcein AM, which stain live cells green, and propidium iodide, which stain dead 
cells red. 

RESULTS AND DISCUSSION
We demonstrated the capability to cultivate NIH/3T3 cells with our system. Two hours after introduction, cells settled in

the microchamber, attached, and spread on the fibronectin-treated surface, as shown in Figure 2. Live/dead cell assay shows 
high cell viability after 24 hours. The capability to measure IC50 values with our device was demonstrated by performing cell 
based assays in our chip with different cytotoxic chemicals at different concentrations. After 24 hours of culture with the 
chemical (H2O2), cells were stained with calcein AM and propidium iodide. Pictures of the fluorescent cells were taken, as 
shown in Figure 3. We observed that the cell viability remained high (~80%) when cells were cultivated with low 
concentration of inhibitors (below 0.422 mM) and decreased when the concentration of inhibitors increased. When the 
concentration was higher than 4.22 mM, cell viability was minimal (~0%). We chartered the cytotoxicity of the different 
chemicals by assessing the cell viability patterns with different chemical concentrations through direct cell counting. We have 
plotted the dose-response curves of the cell viability in function of the different chemical concentrations as shown in Figure
4 and determined the IC50 value. The values observed on chip were in accordance with the value observed off chip, which 
was obtained using conventional methodology, 1.5 mM and 1.6 mM, respectively. 

CONCLUSION 
Our methodology of cell screening is independent of the cell types or tested chemicals. It represents a common set of 

tools for the screening of small molecules on all kinds of cells and observing their effects on cell phenotype, viability, or 
behavior, with similar qualitative and quantitative information as conventional methods while using lower amounts of
reagents and cells. For example, our method may be used in the field of drug development to quickly and accurately 
characterize potential new drugs on specific cancer cells, yeasts, or bacteria. Also, the ability to study the inhibition of small 
molecules of a cytotoxic chemical in our chip may help to majorly advance toxicology, investigating a potential inhibitor to 
the action of toxin (e.g. in environmental toxins, in food related toxins), or in cosmetic areas, investigating potential anti-
oxidants. The present methodology could be applied in the area of regenerative medicine. By introducing stem cells into the 
wells and replacing inhibitors with growth factors, we could perform quick and accurate tests of different concentrations of a 
soluble factor and measure its impact on stem cell differentiation. 
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ABSTRACT 

We first present two novel capillary valves: a programmable retention burst valve, in which the local increase in the 

capillary pressure causes the channels to drain sequentially, and a low aspect ratio trigger valve, in which an abrupt 

enlargement of a two level valve in combination with using a hydrophobic cover can stop the liquid passively. The 

liquid would then be triggered with the second stream of the flow when it is desired. Afterwards, we integrate these 

valves with other previously developed capillary valves and pumps to make a novel capillary circuit, enabling us to 

preprogram the sequential flow of multiple reagents. Finally, we illustrate how the circuit works in the context of a 

one-step sandwich immunoassay, which measures the concentration of C-reactive protein in 5 mins.      
 

KEYWORDS 

Microfluidic Capillary Circuits, Capillary Flow, Point of Care, Immunoassay    
 

INTRODUCTION 

Microfluidic capillary systems are powered by capillary effects and control of fluid flow is structurally and chemically 

encoded in microscale conduits. Such capillary systems can be entirely self-powered and self-regulated, making them 

useful for point-of-care applications. The elements used for capillary sytems include microchannels, capillary pumps, 

capillary retention valves (CRVs) and trigger valves. Using these elements, capillary systems for filling and draining of 

one sample at a time can be made, but more complex fluidic operations cannot be achieved with these alone
1, 2

. Here, 

we introduce programmable retention burst valves (pRBVs) and robust, low aspect ratio trigger valves. Using these 

elements, circuits with autonomous and sequential flow of multiple chemicals at various flow rates along with flow 

reversal were designed and built. Finally, the circuit was used to perform a sandwich immunoassay for a cardiac 

marker within 5 minutes on an area of 100 µm ×200 µm.  
 

DEVICE FABRICATION AND CHARACTERIZATION 
Circuit masters with two levels of thickness were fabricated in SU-8, replicated into PDMS, and sealed against a flat 

PDMS cover. Dilute aqueous solutions of food dyes and fluorescein were used to characterize the circuits. For the 

sandwich immunoassay, a line of anti-C-reactive protein (CRP) capture antibody (250µg/ml) was patterned on the 

cover and sealed with the PDMS circuit. Various solutions including biotinylated anti-CRP detection antibody (200 

µg/ml), 1% phosphate buffered saline (PBS) in DI water, and streptavidin-Alexi Fluor 488(500 µg/ml were preloaded 

by contacting the tip of a pipette to the side channel vents. Finally, 2.5 µl of various solutions of CRP antigens were 

used as test samples. 
 

RESULT AND DISCUSSION 
Fig. 1A shows the library of elements that can be combined to make various circuits. We selectively combined these 

elements to make a capillary circuit with flow reversal as shown in Fig. 1B. 

 
Fig. 1 Schematic illustrating capillary circuits. (A) The library of capillary elements including the novel two level 

trigger valve, and a programmable retention burst valve (pRBV). (B) A layout of a microfluidic chip with flow reversal. 

The chip comprises four capillary reservoirs for the reagents and a filling port to introduce the sample.  Various 

reagents are spontaneously filled by contacting the tip of a pipette through the vent of the reservoirs. The liquids are 

then held due to the trigger valves at the end of conduits. After introducing the sample the liquid fills the main conduit, 

activates the trigger valves, and, upon entering the reverse flow pump, the reagents are drained sequentially.  
 

The novel trigger valves consist of a shallow conduit intersecting a deep one (Fig. 2). pRBVs were made by adjusting 

the size of the cross-section and the length of the narrow section. The negative pressure required to burst a valve 

increases as the channel cross-section narrows. The minimal cross-section is constrained by the pressure of the 

capillary pump, which needs to be sufficient to drain the liquid. Fig. 3 shows time-lapse images of the sequential 

drainage of six side channels filled with fluorescein. 
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Fig 2 A capillary trigger valve used to 

passively stop the liquid. The 

microstructures are hydrophilic (plasma 

activated PDMS). The sealing layer is 

hydrophobic PDMS. (A) SEM 

micrograph of the two-level valve. (B) 

Timelapse images showing that abrupt 

enlargement of the one level trigger valve fails after only 1.5 seconds;(C) images showing that the abrupt enlargement 

of the two level trigger valve together with the use of a hydrophobic cover were effective to stop liquids for periods of 

20 min, and could be triggered at any time by flowing a sample in the deep conduit. The scale bars are 300 µm. 
 
 

Fig. 3 Operation of the programmable 

retention burst valves (pRBVs). (A) 

Micrograph of a circuit to test the pRBVs. 

Enlarged SEM micrographs of the pRBVs 

to drain two conduits sequentially, and a 

flow resistor. (C) Time lapse images 

showing sequential fill and drain of six 

lateral channel reservoirs, each with a 

pRBV at the distal end and a CRV at the 

intersection with the main channel. The 

retention pressure of the CRV exceeds the pressure of the capillary pump. There are six pRBVs programmed with 

increasing capillary pressure that indicate the sequence of liquid draining from the side channels. The height of the 

microconduits is 100 µm. Scale bars in A & C are 3 mm. The scale bars in B are 300µm. 
 

Various elements were used to design a capillary circuit with pre-programmed sequential flow of reagents, controlled 

flow rates, and flow reversal. Fig. 4 illustrates the fabricated circuit. 

 

Fig. 4 Optical micrograph of a 

microfluidic capillary circuit for flow 

reversal; the chip is made out of PDMS, 

and has a size of 19 mm×21 mm. The chip 

is hydrophilized using plasma activation 

and covered with a flat peace of PDMS, 

which is hydrophobic by nature. The chip 

consists of four reservoirs for the reagents 

and various programmable retention 

burst valves (pRBVs), capillary trigger 

valves, flow resistors, and pumps, all of 

which are shown as SEM micrographs.   

 

 

The flow sequence is self-powered and triggered by adding the sample to the inlet (Fig. 5). A preloaded chip can thus 

be triggered by a single operation.   
 

To illustrate potential applications of capillary circuits, a system was designed for conducting a sandwich 

immunoassay to measure the concentration of CRP-antigen solutions. The assay steps are shown in Fig. 6A. We first 

patterned capture anti-CRP antibody on the cover surface of the chip using a capillary microfluidic network. The 

patterning lines were aligned perpendicularly to the reaction chamber. We then filled biotinylated anti-CRP antibody in 

conduit 1, the washing buffer in conduits 2 & 4, and streptavidin-Alexa Fluor 488 in conduit 3. Afterwards, a sample 

containing CRP antigen was applied to the main inlet, flowed through the reaction chamber into a metering capillary 

pump and, upon filling the pump, triggered the main burst valve, inducing flow reversal and sequential drainage of the 

assay reagents stored in the side channels into the waste pump. The flow rates of the pumps and the reservoirs for the 

buffers and streptavidin are controlled by to the resistance placed in front of the pumps. The designed sequence for the 

flow rates maximizes assay sensitivity while minimizing assay time. Fig. 6B shows the binding of the CRP antigen 

over the patterned captured antibody. Finally, Fig. 6C illustrates a standard curve fitted in a set of 3 independent 

experiments.   
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Fig. 5 Capillary circuit with flow reversal and differential flow rates. Four food dyes, blue, red, orange, and green 

were dispensed to the channel reservoirs.  1µl of a black food dye representing a sample was introduced into the 

loading port. The black food dye flowed for ~ 150s through the metering pump (800nl), and after flowing back and 

activating the main trigger valve, went into the waste pump. Subsequently, the excess amount of sample was drained 

and the reagents in the side reservoirs were drained sequentially and flowed in the opposite direction through the 

reaction chamber.  
 

 
Fig. 6 Sandwich immunoassay to detect CRP antigen, using the capillary flow reversal platform. (A)The sandwich 

assay consists of five steps. First, CRP antigen is captured on the reaction chamber where the capture antibody is 

immobilized. Afterwards, the biotinylated detection CRP, washing buffer, fluorescent streptavidin, and second washing 

buffer were flushed from the side channels sequentially. Finally, the stamp was imaged with a fluorescence microscope. 

(B) The fluorescence micrographs (vertical stripes) correspond to the signals of various concentrations of CRP 

antigen. The scale bar is 50µm. (C) Standard curves of the fluorescent signals obtained from three independent sets of 

experiments. In each experiment, we tested six chips and measured the average intensities of the fluorescent signals in 

two patterned reaction zones in each chip. We then fitted a curve the set of data.  
 

CONCLUSION 

We have introduced a library of microfluidic capillary elements including a novel two level trigger valve and a 

programmable retention burst valve. We then selectively assembled these elements to make a capillary circuit in which 

various reagents are filled and then drained sequentially, controlled only by the capillarity. Finally, we used a capillary 

flow reversal circuit to perform a sandwich immunoassay for measuring the concentration of C-reactive protein. We 

believe this class of fully preprogrammed capillary circuits can be used in a variety of applications, either as research 

tools for chemists or biologists, or as biosensors for point of care diagnostics.      
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ABSTRACT 
    This paper reports a microfluidic device capable of achieving three-dimensional (3D) hydrodynamic focusing 
with a single channel layer and single sheath-flow inlet design.  The sheath flow is introduced in the vertical 
direction flows around the core stream in the horizontal direction.  In order to investigate the device performance, 
numerical simulations are conducted in this study.  In the experiments, the confocal microscopy is utilized to 
characterize the 3D hydrodynamic focusing flow fields within the device.  Furthermore, flow cytometric 
measurement of standard fluorescence beads are also performed using the developed device to demonstrate its 
practicality for biological applications.  
 
KEYWORDS 
Microfluidics, Three-Dimensional Hydrodynamic Focusing, Polydimethylsiloxane (PDMS), Flow Cytometry 

INTRODUCTION 
Three dimensional (3D) hydrodynamic focusing is one of broadly utilized techniques for various microfluidic 

applications, including: micro flow cytometers and optofluidic waveguides [1,2].  As a result, many microfluidic 
devices capable of generating 3D hydrodynamic focusing have been developed in recent decades.  However, the 
existing devices consist of multiple layers of microfluidic channels and multiple fluidic inlets [2,3]. Consequently, 
these devices often require complicated fabrication, tedious fluidic interconnections and professional operation.  In 
this paper, we developed a single channel layer and a single sheath flow inlet microfluidic device capable of 
generating 3D hydrodynamic focusing for practical applications. 
 

 
 
Figure 1. Fabrication process and schematic of the 
microfluidic device for 3D hydrodynamic focusing. 

 
Figure 2. The simulation results when the total flow rate 
is 500 µl/min with the core/sheath flow rate ratio of 1:1.  
The simulation results show that the core flow is 
encircled by sheath flow introduced in the vertical 
direction and 3D hydrodynamically focused.
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EXPERIMENT 
The microfluidic device for 3D hydrodynamic focusing is composed of two PDMS layers: top and bottom 

layers, and a glass substrate as shown in Fig. 1. A straight microfluidic channel (dimensions: 150 µm by 200 µm) is 
patterned on the top layer using the well-developed soft lithography replica molding technique. A core flow inlet and 
an outlet are punched on the top layer.  The bottom layer is a thin blank PDMS layer with thickness of 600 µm. The 
two layers are then irreversibly bonded using oxygen plasma surface treatment.  A sheath flow inlet with a diameter 
larger than the channel width (2 mm) is punched in the middle of the channel.  The sheath flow inlet also serves as 
an expansion chamber in the device.  The bonded PDMS layer is then irreversibly bonded on to a glass substrate 
with thickness of 400 µm.  Under specific flow conditions, the core flow possesses enough forward momentum, 
which prevents the stream contacting the sidewalls of the expansion chamber.  Moreover, with the cavity fabricated 
in the bottom PDMS layer, the sheath flow has sufficient space to flow underneath the core flow. 

Therefore, the sheath flow introduced in the vertical direction flows around the core stream in the horizontal 
direction. As a result, the 3D hydrodynamic focusing can be achieved by the simple device design with minimal 
interconnections. A three-dimensional computational fluidic dynamics model is constructed using a simulation 
software, COMSOL, to evaluate the device performance.  Figure 2 shows the simulated flow field using the particle 
tracing functions, and the result shows the successful 3D hydrodynamic focusing. In the experiments, confocal 
microscopy is exploited to observe the flow while using water and fluorescein solution as the core and sheath flows, 
respectively. 
 

 
 
Figure 3. Table of Z-stack confocol images corresponding to various combinations of total flow rates and flow rate 
ratios (core to sheath) with 2 mm-diameter flow inlet using water and fluorescein solution as core and sheath flows, 
respectively. 
 
RESULTS AND DISCUSSION 

Figure 3 demonstrates the confocal images corresponding various combinations of flow conditions. The 
experiment results agree well with the simulated ones.  Furthermore, the flow cytometric detection of fluorescence 
beads is performed using an inverted fluorescence microscope-based optical detection setup for demonstration. 
Figure 4 shows the time-domain detection signals, and an intensity histogram of 10 µm-diameter fluorescence beads.   
The coefficient of variation (CV) of the detected signals is 26.56%, which is similar to that obtained using the 
commercial flow cytometer (23.37%). The small CV suggests great 3D hydrodynamic focusing performance of the 
designed device. 
 
CONCLUSION 

In conclusion, the developed microfluidic device, requiring simple fabrication and minimal fluidic 
interconnections, provides a great solution to achieve 3D hydrodynamic focusing for various µTAS applications. 
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Figure 4. Flow cytometric measurement results of standard fluorescence beads using a device with a 2 mm-diameter 
sheath flow inlet.  (a) Typical time-domain measurement results of 10 µm-diameter beads within a 3 sec-period 
with core and sheath flow rates of 100 and 400 µl/min, respectively.  (b) Histograms of the measured peak 
fluorescence intensities and the Gaussian fit (black line) under the same flow conditions. 
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TWO-STAGE LIQUID DRIVING USING VACUUM TRANSFORMERS  
WITH BATTERY-POWERED MINI-HOTPLATES  

FOR SIMPLE-TO-USE MICROFLUIDIC BIOCHIPS 
Cheng-Han Tsai, Chien-Chong Hong, and Wen Chung 
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Department of Power Mechanical Engineering, National Tsing Hua University, Hsinchu, TAIWAN 

ABSTRACT 
    This paper presents a novel vacuum transformer with battery-powered mini-hotplates for two-stage liquid 
driving for simple-to-use microfluidic biochips.  The conception of the research is completely different from 
current traditional design, it could decrease the complexity of systematic design and procedure with smart polymer 
materials, it stylizes for memorizing the switch of two different geometric patterns in advance while synthesizing the 
material so as to complete the transformation.  Experimental measurements show that the fluidic μ-transfomer with 
an effective cavity volume of 80 μl can achieve -4.7 psi differential pressure.  The developed novel systems could 
provide the same delivery function with the traditional vacuum pumps for disposable simple-to-use microfluidic 
biochips.  
 
KEYWORDS 
Transformer, vacuum source, simple-to-use microfluidics, microfluidic liquid driving. 

 
INTRODUCTION

Micropumps are the most popular devices as pressure sources for microfluidic systems.  However, 
micropumps/valves make the microfluidic systems complicated and sometimes unsuitable for disposable biochips 
due to complexity in structure/assembly [1].  We have previously developed and characterized the μ-fluidic 
transformers based on shape memory polymers on a hotplate [2].  In this abstract, we further develop and 
characterize vacuum transformers with handheld battery-powered mini-hotplates for simple-to-use microfluidic 
biochips.  The developed vacuum transformers are suitable for most of disposable lab-on-chips, which need to 
deliver liquids on a chip without any professional technicians. 

 
DESIGN AND FABRICATION 

Figure 1 shows a schematic drawing of the novel vacuum transformer with handheld battery-powered 
mini-hotplates for liquid driving.  The vacuum transformers produce vacuum pressure to suck liquids in 
microchannel when heat is sent to the vacuum transformers by the handheld mini-hotplates.  Vacuum pressure is 
generated to suck liquids in microfluidic chip and drive liquids in microchannel due to the morphology change of the 
vacuum transformers.  The vacuum transformer was made by shape memory polymers (SMP), which were 
composed of MMA, BMA, TEGDMA and POSS.  The glass temperature of the SMP in this study was designed to 
38℃.  The vacuum transformer was fabricated by casting mixed polymers into a defined micromold.  After 
thermal curing, the vacuum transformer was demolded and then pressed to flat surface by hot embossing machine.  
Fabrication process of the vacuum transformer is shown in Figure 2a.  Then, the vacuum transformer was 
integrated and packaged with microfluidic chips, as shown in Figure 2b.     

 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

1st stage

2nd stage 

Figure 1. Schematic illustration of the novel vacuum transformer with battery-powered 
mini-hotplates for liquid driving: (a) 3D drawing of the system and (b) two-stage actuation. 
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EXPERIMENTAL RESULTS 

The handheld mini-hotplate includes two heating pads, two 9 V batteries, and a control circuit.  Photographs of 
the fabricated handheld mini-hotplates are shown in Figure 3.  The constant current (0.149 Amp) was applied to the 
heating pads, respectively.  In Figure 4, it shows that the temperature reach 40℃ at the 50th second.  The 
temperature reach 60℃ at the 300th second with constant current input.  The heating rate could be changed by 
simply adjusting input current.  The vacuum module began to deform at the 80th second according to the dynamic 
deformation measurements by using a laser distance measuring instrument, as shown in Figure 5.  The maximum 
negative pressure of our developed vacuum transformer with an 80 μl cavity reached -4.7 psi, as shown in Figure 6.  
In the experiments, dyed water droplet was deposited on the inlet.  After removing the protection layers of the 
patterned tapes, vacuum modules can be simply attached to the disposable microfluidic biochips before the 
experiments.  Operators don’t need to connect any long tubing and pumps to the microfluidic biochips.  After the 
microfluidic biochip with vacuum transformers was placed on the mini-hotplates, it was triggered to execute the 
pre-programmed vacuum function.  The microfluidic actuation steps include liquid sucking into the separation 
microchamber (stage 1), liquid stay for 150 seconds, and then liquid moving to the sensing microchamber (stage 2), 
respectively, as shown in Figure 7.  The measured flow rate of the sample in the microfluidic biochip for this study 
was up to 3.5 μl/min.  The flow rate could be increased by applying larger vacuum pressure, which is related to the 
size of the fabricated microcavity of the vacuum mocule. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Fabrication of our developed vacuum transformer: (a) fabrication process, (b) the fabricated devices. 

Vacuum transformer 

Patterned tape 

Vacuum transformer 

Figure 3. Photographs of the fabricated system: (a) and (b) 
mini-hotplates with biochips, (c) the top view of the heating pads, and (d) 
the top view of the biochips on the heating pads. 
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Figure 4. Dynamic temperature measurements with 
mini-hotplates powered by battery (current output: 
0.149 Amp). 
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CONCLUSIONS 

The novel vacuum transformer with battery-powered mini-hotplates presented in this work showed excellent 
performance in driving tiny liquid in two stages on a microfluidic biochip without any tube connection, complex 
manual procedures, or professional technicians.  Compact and simple structure makes it easy to integrate on 
microfluidic systems for applications in disposable simple-to-use microfluidic biochips.  
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Figure 6. Dynamic pressure measurements of the three 
different vacuum modules in a closed microchamber. 
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Figure 7. Captured video frames of microfluidic actuation by our developed vacuum transformers;(a) droplets deposition on the 
inlet, (b) the transformer was triggered by heat and then droplet was sucked into the chip, (c) the sample stayed in the chamber for 
separation, and (d) sample was sucked into the sensing microchamber. 
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ABSTRACT
   This paper presents a method to construct microfluidic channels without physical walls – wall-less 
microchannels.  In order to minimize liquid surface areas contacted to solid walls, this method uses three 
dimensional ring arrays compared to the previous wall-less microfluidics based on two dimensional patterns of 
hydrophilic and hydrophobic areas.  Thus, we can form free-standing liquid pathways surrounded by an immiscible 
liquid between distant rings in the ring arrays.  In the experimental study, we reduced the liquid-solid interface 
areas per unit volume to 17.3% of that of the conventional microchannels with square cross-sections.  We expect 
that this aspect would be important in micro/nano-fluidics, whose surface-area-to-volume ratio is extremely large. 
 
KEYWORDS
Wall-less microfluidics, Surface-area-to-volume ratio, Ring array.  

 
INTRODUCTION

Current micro/nano-fluidic channels have high surface-to-volume ratio and it becomes even higher as channel 
dimensions become reduced. [1-3]  This high surface-to-volume ratio can bring both advantages and disadvantages 
to microfluidics and nanofluidics.  It gives us a good tool to study interfaces between solid and liquid.  However, 
large liquid surface areas contacted to physical channel walls can easily trap and release chemicals in liquid flows, 
thus acting as severe contamination or noise sources. [2,3] 

 As one of solutions, the concept of wall-less microfluidics [4-7] – microfluidic platforms without physical walls 
– was previously suggested.  The platform (Figure 2b) utilizes surface tension to confine liquid on 2-dimensional 
patterns of hydrophilic and hydrophobic areas, and removes physical side-walls and/or top-covers of microfluidic 
channels.  Since physical (solid) surfaces of covers and walls of flow-channels are replaced to an immiscible fluid 
(liquid or air), this method can reduce liquid surface areas contacted to solid surfaces. However, bottom surfaces of 
channels still remain in this microchannel, thus we can reduce liquid-solid interface areas to only ~40% of the 
conventional microchannels that can carry the same liquid volumes. 

The present method aims to advance the concept 
of previous wall-less microfluidics in order to 
decrease the liquid-solid interface areas of 
microchannels.  Compared to the conventional 
wall-less microfluidics based on 2-dimensional 
patterns, this method (Figure 1) uses 3-dimensional 
ring arrays and two immiscible liquids.  The ring 
arrays are attracted to the liquid 1 and the substrate is 
attracted to the liquid 2, which is immiscible to the 
liquid 1.  Surface tension generates free-standing 
pathways of the liquid 1 surrounded by the liquid 2 
between separated ring microstructures.  By 
increasing ring-to-ring distances, the liquid-solid 
interface area per volume can be decreased, since 
these free standing liquid pathways have no contact to 
solids except rings. 

One can imagine that continuous liquid pathways 
will be formed when rings are close enough while 
discontinuous liquid drops will be formed when rings 
are too far.  It is essential for this study to investigate 
ring-to-ring distances where wall-less liquid channels 
are formed reliably, since the ring-to-ring distances 
directly decide the interface-area-to-volume ratio of 
the present method as shown in Figure 2c.  In this 
work, we aim to investigate the criteria of ring 
geometries (ring radii and ring-to-ring distances) 
where the liquid pathways are reliably formed, and to 
compare the liquid-solid interface areas per unit 
volume in the present microchannels with those of the 
conventional square microchannels and the previous 
wall-less microchannels. 

 
Figure 1. Conceptual illustration of the wall-less 
microfluidic channel with 3-dimensional ring arrays. 
 

 
Figure 2. Comparison of three microfluidic channels. The 
interface-area-to-volume ratio, Ai/V, means liquid surfaces 
contacted to solid walls per unit liquid volumes: (a) 
conventional microchannels with solid walls; (b) previous 
wall-less microchannels with 2-D patterns of hydrophilic / 
hydrophobic areas; (c) present wall-less microchannels 
with 3-D ring arrays. 
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EXPERIMENT 

For a proof-of-concept, we fabricated ring arrays with various radii and ring-to-ring distances, and studied 
conditions where wall-less microchannels are reliably formed.  We chose three kinds of ring outer radii, rout (2, 4, 
and 8 µm), and five kinds of ring-to-ring distances (rout, 1.5rout, 2rout, 2.5rout, and 3rout).  We fabricated the ring 
arrays with a two-photon laser lithography system [8-10] (Photonic Professional, Nanoscribe GmbH).  For the 
fabrication of 3 dimensional microstructures, this equipment uses two-photon polymerization in a negative 
photoresist, IP-L 780 (Photonic Professional, Nanoscribe GmbH), on a silanized glass substrate as shown in Figure 3.  
Figure 4 shows the scanning electron microscopy (SEM) images of the fabricated ring arrays.  In order to form 
wall-less microchannel, we dropped the liquid 1 (hexadecane) on top of the fabricated ring array and subsequently 
dropped the liquid 2 (water) as shown in Figure 3.   

Figure 5 shows typical results of the formation of wall-less liquid pathways in the fabricated ring arrays.  Each 
ring appears to a microscale bar since we captured the images from the top.  Successive immersion of the ring 
arrays with two immiscible liquids generates liquid channels and droplets.  Rings close enough to each other 
generate continuous liquid channels while rings far from each other form discontinuous liquid drops.  From the 
microscopic images, we could measure geometrical characteristics of liquid channels and droplets.  We also 
verified the three dimensional shape of the liquid 1 using confocal microscopy.  The cross-sectional view of the 
channels is circular and has no contact to substrate surfaces.  Thus, we can estimate the geometrical characteristics 
of the liquid 1 using the microscopic images from the top. 

It is important to study ring dimensions where wall-less liquid channels are reliably formed.  The ring-to-ring 
distances which are the same as or 1.5 times of the ring radii reliably generate connected liquid channels.  When the 
ring-to-ring distances are larger than 1.5 times of the ring radii, liquid drops are also formed.  Normalized liquid 
volumes in Figure 6 express these results.  The experimental values of liquid volumes guided by one unit ring were 
measured from the microscopic images, and we normalized them with the volumes of circular channels whose radii 
are the same as outer radii of the rings.  When the distant liquid drops are formed, either the liquid volumes are 
small or their standard deviations are large.  Thus, the maximum ring-to-ring distance which reliably generates 
connected liquid pathways is 1.5 times of the ring radius in our experiments. 

The maximum ring-to-ring distances can be theoretically estimated by the Rayleigh instability problem [11].  
The Rayleigh instability problem originally has been studied to explain why a thin cylinder of a liquid breaks into 
droplets.  The Rayleigh instability indicates that the theoretical maximum of the ring-to-ring distances for 
continuous liquid pathways is 2π times of the ring radius.  However, this value is much larger than the experimental 
value.  It might be because that the Rayleigh instability 
problem only considers the process that a pre-formed 
liquid cylinder breaks into droplets while our case is the 
dynamic process during the liquid 2 replaces the liquid 1.  
Thus, the Rayleigh- instability problem is not enough to 
explain the formation process of the liquid channels in our 
case.  However, the Rayleigh-Plateau instability problem 
can give us the upper limit of ring-to-ring distances, and it 
coincides well with our experiments.  More detailed 
theoretical analysis needs to be done under the 
consideration of various variables, such as surface tension, 
solid-to-liquid interaction, liquid-to-liquid interaction, 
liquid viscosity, and so on.  

 

 
Figure 4. SEM (Scanning Electron Microscopic) images of the fabricate ring arrays with the radii of: (a) 2 um; (b) 4 
um; (c) 8 um. 

 
Figure 5. Microscopic images of typical wall-less microchannels with the fabricated rings whose radii are (a) 2um, 
(b) 4um, and (c) 8um. 

 
Figure 3. Ring fabrication and channel forming 
process: (a) direct laser writing to a negative 
photoresist; (b) photoresist development; (c) 
structure dipping in the liquid 1; (d) successive 
dipping in the liquid 2. 
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In order to evaluate the performance of the present 
wall-less microchannels, we defined a variable, normalized 
interface-area-to-volume ratio, which is conceptually 
similar to the normalized surface-area-to-volume ratio.   
We can obtain the interface-area-to-volume ratio of any 
given channel from the area of liquid-solid interfaces and 
liquid volumes.  Then, we normalized the 
interface-area-to-volume ratio with that of the 
conventional square channel which can carry the same 
liquid volume as that of the circular channel.  Thus, the 
defined value of the conventional square channel is 1, and 
the defined value is less than 1 when the liquid area 
contacted to solid surfaces is reduced.  For example, the 
value is 0.4 in the previous wall-less microchannels using 
2-dimensional patterns of hydrophilic / hydrophobic areas.  
We calculated the normalized interface-area-to-volume 
ratios of the present wall-less microchannel, and the 
present method (rout = 2um and dr = 3um) reduced the 
liquid-solid contact area to 17.3% of that of the conventional microchannels with square cross-sections.  This value 
is smaller than that of the previous wall-less microchannels (40%), and can be further reduced by changing ring 
dimensions, surface treatments, and/or liquid compositions. Thus, this work verifies the feasibility that the present 
method can reduce the liquid areas contacted to solid surfaces in microchannels.   

In conclusion, this paper describes wall-less microfluidics using 3-dimensional ring arrays and two immiscible 
fluids, and experimentally shows that the present device can reduce the liquid-solid interface areas compared to the 
previous wall-less microfluidics.  We envision that this point would be important in the field of nanofluidics, whose 
surface-area-to-volume ratio is extremely high.  Additionally, we expect that this method can be applied for 
sacrificial molds of the polymeric channel fabrication and/or critical components of switchable microfluidics. 
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Figure 6. Normalized liquid volume guided by each 
ring for varying ring radii and ring-to-ring distances. 
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ABSTRACT 

We present a new approach to control the pathways of water-based liquids in microfluidic systems fabricated by 
injection molding. The top or bottom of a chamber forming the fluidic system is patterned with parallel micro-sized 
ridges, which result in appreciable anisotropic wetting behavior. With the presented surface structures we have 
demonstrated the possibility of creating microfluidic channels with virtual side walls and channels with capillary stops 
fabricated in a polymer that otherwise exhibits a hydrophilic wetting property when no surface structures are present. 

 
KEYWORDS 
Injection molding, surface structures, contact angle, wetting anisotropy, microfluidics. 

 
INTRODUCTION 

The vision of inexpensive lab-on-a-chip systems for diagnostics and chemical analysis includes the need for simple 
methods for on-chip liquid control that are compatible with mass-production techniques. The fabrication cost of a lab-on-
a-chip system can greatly be reduced if active pumps can be substituted by automatic liquid filling using capillary forces. 
When controlling liquid movement using capillary force, the wetting behavior of the inner surfaces of the on-chip 
microfluidic channels has to be controlled, and this is done by controlling the contact angle of the used liquids to the 
inner surfaces. Moreover, for some applications it is desirable to have anisotropic wetting properties to allow liquid 
movement only in some directions.  

In the literature, the anisotropic wetting of pure water on a striped substrate has been studied for PDMS with 
controlled wrinkles [1] and for chemical patterning of silicon [2]. These studies compared experimental results with 
theoretical models for the wetting of pure water droplets on a flat substrate. A chemical patterning of the intrinsic contact 
angle on a polymer substrate induced by oxygen plasma treatment has previously been used to define on-chip wall-less 
channels [3]. On-chip hydrophobic stops have been created by variations of the channel cross-section [4] and by 
deposition of a material with high contact angle such as Teflon [5]. Anisotropic wetting properties can therefore be 
achieved both by modification of the surface topography and by chemical patterning. However, chemical patterning is 
less favorable as it is not a batch fabrication process and is expected to have a limited shelf time [6]. 

In this work, we study the effect of micro-sized parallel ridges in the surface of either the top or bottom of a polymer 
microfluidic channel fabricated by injection molding Cyclic Olefin Copolymer (COC) TOPAS® grade 5013 (TOPAS 
Advanced polymers GmbH, Germany). Figure 1 shows the geometry of the stripes. We show that such stripes introduce 
highly anisotropy wetting properties for both pure water and the biologically relevant buffer 1×Phosphate Buffered 
Saline + 0.05% Tween-20 (abbreviated PBST), which is commonly used in DNA extraction and amplification [7]. 
In PBST, Tween-20 functions as a detergent decreasing the surface tension of the liquid/air and liquid/solid interfaces, 
which results in a lower intrinsic contact angle. Moreover, we demonstrate the guiding of these liquids in a wall-less 
channel as well as the use of the structures for a capillary stop in a fluidic channel. The presented approach is easily 
integrated in polymer chips fabricated by injection molding and it eliminates the need for chemical surface patterning to 
vary the wetting properties. 

 
 

 
 

 
Figure 1: Top: Scanning electron micrograph of the surface structures 
on the injection molded polymer chip. Bottom: Sketch of surface 
structures with dimension sizes indicated. 
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 Table 1: Contact angles using water and PBST on both 
the unstructured and structured TOPAS. It has not 
been possible to measure static contact angles for 
PBST since the droplet continues to flow in the 
direction parallel with the stripes after end deposition. 

 Static flat    
 Water 87.4 149.6 94.9 54.7 
      
 Advancing flat    

Figure 2: Left: Red dyed 10 L water droplet 
(topmost) and PBST droplet (lowest) deposited on the 
structured TOPAS. The black arrow indicates stripe 
orientation. Right: Side view of the droplets while 
measuring the advancing contact angles perpen-
dicular to the stripes. No difference was observed 
between liquids with and without the dye. 

 Water 96.6 150.2 100.4 49.8 
 PBST 63.7 123.9 53.2 70.7 
 

     

 
 

THEORY OF CONTACT ANGLES 

The intrinsic contact angle, Y, of a liquid on a solid depends only on the surface tensions associated with the 
liquid/air, liquid/solid, and solid/air interfaces. However, the observed contact angle may differ from Y due to surface 
roughness and is therefore called the apparent contact angle, A. When a rough surface is fully wetted, the Wenzel model 
predicts that cos(A) = r cos(Y) where the roughness r  1 is the ratio between the solid-liquid contact area and the 
projection area of the droplet on the surface [8]. This implies that in the Wenzel regime (which assumes equilibrium), 
roughness can only increase the hydrophilicity or hydrophobicity of a surface [9]. 

 
CONTACT ANGLE MEASUREMENTS 

The wetting properties of the structured surface were characterized by measuring both the apparent advancing and 
static contact angle for water on the unstructured surface and both perpendicular and parallel to the ridges on the 
structured surface. For PBST, only the advancing contact angle could be measured since PBST continues to wet along 
the parallel direction of the ridges after the droplet has been deposited. The contact angles were measured using the DSA-
10-Mk2 Drop Shape Analysis System (Krüss GmBH, Germany). Measurements started with a drop size of 2 µL that was 
expanded up to 10 µL at a dispensing rate of 15 µL/min while measuring the advancing contact angle. Results of the 
contact angle measurements shown in Figure 2 and Table 1, reveal contact angle anisotropies, , for the advancing 
contact angle of 49.8 and 70.7 for pure water and PBST, respectively. Furthermore, for PBST, the surface changes 
from being hygrophilic (liquid-loving [8]) with adv = 63.7 for the flat TOPAS surface to being hygrophobic (liquid-
repellent [8]) with adv, = 123.9 for the structured surface in the direction perpendicular to the surface ridges. 

For the parallel direction, the roughness can be estimated from Figure 1 to r  1.33. Assuming that the Wenzel model 
is valid also for the advancing contact angle, it predicts the apparent advancing contact angles along the ridges to be 
adv,  54 (PBST) and adv,  99 (water) in good agreement with the measured results, adv, = 53.2 (PBST) and 
adv, = 100.4 (water). Thus, the observations in the parallel direction agree with the predictions by the Wenzel model. 

In the perpendicular direction, the theory by Wenzel is clearly inadequate for predicting the observations.  In that 
direction, the periodic surface structures create small barriers in the free energy as function of contact angle. These 
introduce many metastable states for the droplets, which prevent the droplet meniscus from advancing. Hence, for the 
advancing droplet, the droplet will be in the metastable state with the highest contact angle whereby the apparent contact 
angle will always be larger than predicted by Wenzel [9]. From close-up side views of the droplets (not shown) it appears 
that both water and PBST completely fill the grooves between the ridges in the surface. This is consistent with the highly 
elongated drop shape in Figure 2 as a more symmetric droplet shape is expected if the grooves are not filled [10]. 

 
ON-CHIP LIQUID CONTROL 

Next, we present proof-of-concept of on-chip liquid control utilizing the anisotropic wetting properties of the 
structured TOPAS substrate when it is used as the top in a fluid chamber with a flat TOPAS bottom. The two substrates 
are separated by a tape spacer of thickness 125m. The top piece of the system is constructed with a top with tapered 
Luer fittings described in [11]. The Luer fittings are used to inject the liquid as well as working as air outlets. For 
visualization, the PBST is dyed red and no difference can be observed between PBST with and without dye. The same 
observation is made for water. Furthermore, no difference in contact angles can be observed between water and PBS 
(PBST without Tween-20) indicating, that the detergent Tween-20 is fully responsible for the observed changes in 
contact angles for PBST compared with water. 

2 mm 
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Figure 3 shows the system geometry and demonstrates the PBST filling of a wall-less channel defined by the surface 

ridges. The width of the inlet to the left in the picture in Figure 3 defines the width of the channel.  Figure 4 demonstrates 
the use of the stripe geometry as a hygrophobic stop when PBST is introduced in a liquid inlet. With no surface structures 
the PBST experiences a low contact angle with TOPAS and the width of the capillary stop in Figure 4 is too wide in 
order to stop the PBST from passing through. However, with the structured surface in top of the channel, the advancing 
contact angle of PBST increases to above 90 and PBST stops at the constriction.  

Due to the low advancing contact angle of PBST parallel to the surface stripes as well as for the unstructured TOPAS, 
PBST experiences capillary filling in the channels. Active pumps are therefore not necessary to fill the micro fluidic 
channel and this further makes the system inexpensive and simple to operate in accordance with the wish for inexpensive 
lab-on-a-chip systems. 

 
CONCLUSION 

The present study constitutes one of the first implementation of an injection molded structured substrate for the 
control of liquids in a chip system. We have demonstrated the use of the structures for defining an on-chip wall-less 
channel and an on-chip capillary stop for PBST, which is much more relevant for biological experiments than pure water. 
In conclusion, we have demonstrated a simple approach to liquid handling in a microfluidic system that easily can be 
integrated with mass-production techniques such as injection molding. 

 
 

 

 

   
 Figure 4: Enhancing capillary stop. A: Black marks 

indicate the tape. To the left is the inlet and to the right 
the outlet. The stripes are above the red dotted line and 
the arrow indicates stripe orientation. B: Red dyed 
PBST fills the channel without bursting through the 
opening. Without stripes, PBST easily flows through 
the opening. 

Figure 3: “Wall-less” channel. A: Black marks 
indicate the tape spacer. The channel runs from an 
inlet to the left to an outlet to the right. The round 
object to the left in the picture is a mark from the 
injection molding on the upper surface of the top. 
The arrow indicates stripe orientation. B: Picture 
of the same channel as in A, but taken 2 s later. 
C: Picture of the same channel as in A, but taken 
6 s later. 
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ABSTRACT 
A vibrating mesh nebulizer for delivering aerosol to cells at the air-liquid interface in organs-on-chips is demon-

strated. The piezoelectrically actuated nebulizer forms the top surface of a microchannel and is used to deposit liquid 
droplets, magnetic beads, and solid particles on the bottom of the channel. This arrangement produces a short, unob-
structed flow path for aerosol, enabling high deposition efficiency, accurate dose control, and significant waste reduction. 
Droplet exit velocity is controlled by driving the piezoelectric element intermittently, making this method suitable for 
depositing aerosol from a very short distance without damaging the cells at the air-liquid interface. 

KEYWORDS: Aerosol, Drug Delivery, Air-Liquid Interface, In vitro, Cell Culture, Organs-on-Chips 
 

INTRODUCTION 
Many drugs appear promising in animal studies but fail in human clinical trials. As a result, there is a pressing need 

to develop in vitro models capable of reconstituting the key structural and mechanical features of whole organs as an al-
ternative to animal studies. Recently, we demonstrated this capability with two organs-on-chips: the human peristalsing 
gut-on-a-chip and the human breathing lung-on-a-chip [1,2]. In order to study the response of lung cells to drugs in the 
latter device, these drugs need to be delivered without perturbing the air-liquid interface. Previously, we presented a 
method for generating aerosol off-chip, delivering it to the chip through a capillary, and depositing it in the microchannel 
along its long axis [3]. In the current work, liquid microdroplets or solid particles are generated on-chip and delivered 
from the top surface of the microchannel. Generating aerosol on-chip in close proximity to the cells enables accurate dos-
ing and localized aerosol deposition. Furthermore, because this methods uses very small quantities of solutions or pow-
ders, and leaves virtually no remaining waste, toxic compounds can be tested in various types of organs-on-chip with 
significantly reduced risk. 

Piezoelectric droplet ejectors [4] have been studied for a number of years and are used in commercial nebulizers for 
pulmonary drug delivery. The novelty of our approach lies in integrating the vibrating nozzle plates into microfluidic de-
vices. Positioning the nozzle plate several hundred microns above the cells allows for localized deposition of various en-
tities of controlled size and distribution; the same nozzle plate also can potentially be used for cell seeding, extracellular 
matrix coating and drug delivery. 

EXPERIMENTAL 
The vibrating mesh nebulizer comprises a nozzle plate, a piezoelectric ring, and a dual medication chamber (Fig. 1a). 

The diameter of the nozzles in the plate approximately determines the size of the generated microdroplets. The nebulizer 
is fabricated by attaching a laser-machined PZT ring to a polyimide film with photolithographically patterned copper 
electrodes (Fig. 1b). The nozzle plate is bonded to the bottom of PZT/electrode assembly, and a medication chamber is 
cast on top using a mold (Fig. 2). Because the medication chamber is mechanically coupled to the nozzle plate and the 
piezoelectric ring, it has to be fabricated from an elastomeric material that does not impede vibrations in the plate while 
reliably encapsulating the ring and electrodes. 

To demonstrate localized deposition, the medication chamber has dual compartments separated by an elastomeric 
wall 400 µm in thickness. Each medication chamber has a volume of 9 µL and a 400 x 400 µm bottom footprint. The 
nebulizer is attached to a PDMS block, where it serves as the top surface of a 400 µm wide and 120 µm deep microchan-
nel. The distance from the bottom of the nozzle plate to the bottom of the channel is ~320 µm. The PDMS block is sup-
ported from the bottom by a cover slip. The deposition is imaged through the bottom of the microchannel using an in-
verted Zeiss microscope in transillumination mode. High-speed imaging of the droplets is performed using the same 
microscope rotated by 90º and equipped with a Photron FASTCAM SA4 500K-M2 high-speed camera operating at   
3600 frames per second. 

RESULTS AND DISCUSSION 
The medication chambers are filled by pipetting liquids or dispensing solid powders. The amount loaded can be used 

to control the dose. To deposit aerosol on the cells from a short distance above them without harmful effects, it is critical 
to control the exit velocity of the microdroplets. Our approach relies on precisely timed intermittent driving of the pie-
zoelectric material. Figure 3a depicts streams of microdroplets ejected from a nebulizer actuated continuously at the 
resonant frequency. Figure 3b shows a high-speed camera image of a stream of droplets generated using intermittent ac-
tuation. The droplets are ~10 µm in diameter and have an average spatial separation of approximately 50 µm. An analy-
sis of multiple high-speed video trials shows that the droplet velocity is ~25 mm/s. 
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Localized deposition of liquid droplets, magnetic beads, and solid particles is shown in Figures 4a, b, and c. The 
droplets evaporate and coalesce as they are deposited. Figure 4a shows large coalesced droplets at the end of a deposi-
tion. Figure 4b depicts magnetic beads deposited from suspension before complete evaporation of the liquid. Figure 4c 
shows iron particles deposited from dry iron powder. 

  

 
 

Figure 1: a) Vibrating mesh nebulizer with dual medication chamber. The volume of each medication chamber is      
9 µL. The insert shows the nozzle plate at the bottom of the chambers, which are separated by 400 µm. b) Exploded view 
and schematic diagram of the nebulizer. 

 
 

Figure 2: a) Mold for casting the dual elastomeric medication chamber on top of the nozzle plate. b) The mold insert 
with two half-pyramid shapes used to form the medication chambers. 

 

 

Figure 3: a) Streams of aerosol ejected from a nebulizer with a medication chamber. b) High-speed camera imaging 
of aerosol exiting the nozzles. Two streams of droplets are visible on both sides of the arrow. The droplets are ~10 µm in 
diameter. Average spatial separation between the droplets is ~50 µm. 
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Figure 4: Localized deposition of liquid droplets, magnetic beads, and solid particles into a 400 µm wide and        
120 µm deep PDMS microchannel. Deposition is performed from 10-µm nozzles positioned ~320 µm above the bottom of 
the channel. a) Dyed liquid droplets ~10 µm in size deposited from differently colored solutions. The droplets evaporate 
and coalesce as they are deposited. b) Liquid droplets containing 1-µm magnetic beads deposited from a bead suspen-
sion. Image taken after evaporation of the liquid.  c) Solid iron particles (<9 microns) deposited from dry powder. 

CONCLUSION 
We have fabricated a vibrating mesh nebulizer with a dual medication chamber and demonstrated localized deposi-

tion of liquid droplets, magnetic beads, and solid particles into a microchannel. We have achieved low droplet exit veloc-
ity by intermittent driving of the piezoelectric element, enabling the deposition of droplets with low impact forces from 
very short distances. The device makes it feasible to perform localized delivery of aerosolized drugs to cells at the air-
liquid interface in lung-on-a-chip. Due to short, unobstructed flow path of the droplets, virtually all of the solution loaded 
into the device is nebulized and deposited on the target region, allowing for accurate dose control and waste reduction. 
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A POWERLESS VALVING SYSTEM FOR FLUID FLOW IN PAPER 
NETWORKS 
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ABSTRACT  
This paper presents a powerless valving system for fluid flow in two-dimensional paper networks (2DPN) using swellable 

polymer actuators. The valving system is based on solvent-triggered expansion of strategically-located expanding polymer 
actuators; both physically disconnected paper channels that become connected (on-switch) and connected paper channels that 
become disconnected (off-switch) were developed. , On- and off-switches were combined and simultaneously activated by 
the expansion of a single actuator, effecting diversion of flow from one channel of the network to another. This valving 
system enhances the utility of the 2DPN technology, enabling the performance of many autonomous integrated chemical 
processes. 

KEYWORDS 
Paper microfluidics, 2DPN, porous membranes, wicking flow, point-of-care diagnostics, valves 

INTRODUCTION 
2DPNs provide a promising alternative to conventional microfluidic systems for handling microliter volumes of fluids, 

owing to their low cost and the absence of need for external pumps [1, 2]. Paper-based devices have found important 
applications in the detection of analytes from biological samples, especially in the developing world and other remote and 
low-resource settings [3, 4]. They have also been used for environmental monitoring [5] and food quality control [6]
applications. In comparison with conventional microfluidic devices, however, 2DPNs currently lack advanced fluidic control 
tools. Some efforts have been made to incorporate functional elements in 2DPNs to direct flow of fluid along desired paths. 
Li et al. have demonstrated filters and manually operable switches [7] in paper. Martinez et al. developed devices that could 
be programmed by an operator to set fluid flow paths [8]. We also demonstrated manual activation of path switching in a 
low-cost, point-of-care viscous sample preparation device for molecular diagnosis in the developing world; an example of 
microfluidic origami [9]. In this paper, we advance the field by developing valves that can be programmed to turn fluid flow 
through 2DPNs on or off, as well as divert flow from one channel of the network to another. This valving system provides 
new capabilities to 2DPNs and enables multi-step and precisely-timed fluidic operations to be performed in 2DPNs. 

MATERIALS AND METHODS 
Devices were fabricated by stacking multiple layers of 10 mil thick Mylar sheets backed with adhesive on one side 

(Fralock, Valencia, CA). Plastic-backed nitrocellulose FF85 (GE Healthcare, Piscataway, NJ) was used as the porous 
substrate for fluid flow. A 2% w/v gel of sodium polyacrylate, a super-absorbing polymer, was prepared in deionized (DI)
water and used as an expanding element for valve actuation. Glass fiber strips of GR8975 (Ahlstrom, Helsinki, Finland) were
used to deliver DI water to the expanding polymer during valve operation. All designs were drawn using the CAD program 
DraftSight (Dassault Systemes HQ, France) and parts were cut using a CO2 laser cutter (Universal Laser Systems, Scottsdale, 
AZ). A system for creating bands of colored fluid previously developed in our lab [10] was used for tracking flow through 
nitrocellulose. Images of flow through nitrocellulose strips were acquired at intervals of 5 seconds using a Logitech Pro 9000 
(Logitech, Newark, CA) webcam operated through HandyAvi (AZcendant, Tempe, AZ) software. 

RESULTS 
An “on-switch” was developed by placing two nitrocellulose strips, A and B, on separate horizontal planes (Fig. 1A) so 

that there was no contact between them. Fluid introduced into strip A does not flow into strip B during this time (off position; 
Fig. 1B). The valve was held in this off position for 28 minutes (Fig. 1B). The valve was actuated by flowing deionized (DI)
water through the glass fiber strip into the actuator (Fig 1.B). Expansion of the actuator raised one end of strip A, established 
its contact with strip B, and caused fluid in strip A to flow into strip B, thereby turning on the flow switch (Fig. 1A,B). The 
average response time, defined as the time required for the yellow fluid front to traverse a certain distance along strip B (up 
to red arrow; Fig. 1B) after DI water delivered through the glass fiber strip reached the actuator of the on-switch was 4.7 
minutes with a coefficient of variation of 15.7% (N=5). Next, an “off-switch” was developed by placing two nitrocellulose 
strips on a single plane with one end overlapping, such that fluid introduced into strip A flowed into strip B initially (on 
position, Fig. 2A,B). The valve was held in the on position for 10 minutes. On actuation of the valve, one end of strip B was 
lifted off the plane and disconnected from strip A (Fig. 2A). Thus, actuation of the valve stopped the flow of fluid through the 
strips (Fig. 2A,B) as shown by the plot of fluid velocity as a function of time (Fig. 2C). Finally, the on- and off-switches were 
combined to make a “flow diversion” switch to route the flow of fluid from one channel of the network to another. A third 
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strip, C, was introduced into the “on-switch” setup (Fig. 1) and placed in contact with strip A (Fig. 3A). Yellow fluid 
introduced into strip A initially flowed into strip C, placed perpendicular to strip A (Fig. 3B). After 20 minutes, the valve was 
actuated by introducing DI water into the glass fiber strip. On actuation, strip A disconnected from strip C and established 
contact with strip B (Fig. 3A). Thus, flow introduced into strip A was effectively diverted from strip C to strip B (Fig. 3B).  

 

Figure 1. ON Switch. A: Schematic of switch function; B: Time lapse images of working switch. The average response time 
of the on-switch was 4.7 minutes with a coefficient of variation of 15.7% (N=5). 

Figure 2. OFF Switch. A: Schematic of switch function; B: Images of the switch held in the on and off state; C: Plot of 
velocities of fluid bands as a function of time, before and after activating the off-switch. 

 
Figure 3. Flow diversion switch. A: Schematic of switch function; B: Time lapse images of working diversion switch. 
 
Serpentine glass fiber strips were introduced into the devices to automate valve activation. In all previous demonstrations, 

an additional user step of adding DI water to the glass fiber strip was necessary for activating the valves. Introducing a long 
serpentine glass fiber strip produced a delay in the delivery of DI water to the actuator, allowing simultaneous introduction of 
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all fluids into the device. An on-switch incorporating such a serpentine glass fiber strip was constructed (Fig. 4A). Yellow 
fluid and DI water were simultaneously introduced into nitrocellulose strip A and the glass fiber strip, respectively. The 
yellow fluid front reached the end of strip A at approximately 5 minutes and did not advance beyond that because the valve 
was in the off position (Fig. 4A). The valve remained off for approximately 4.5 minutes. At 9.75 minutes, DI water from the 
glass fiber strip reached the activator and turned the valve on, allowing flow of the yellow fluid into strip B (Fig. 4A). The 
duration for which the valve is held in the off position depends on the length of the serpentine glass fiber strip used. The time 
required for DI water to flow through different lengths of glass fiber strips was measured (N=5 for each length) and is shown 
in Fig. 4B. 

 
Figure 4. Automatic switch activation. A: Time lapse images of the operation of an “on switch” with a serpentine glass fiber 

strip for fluid delivery to the actuator. Red arrows indicate the location of DI water front. B: Time required for DI water to 
traverse different lengths of glass fiber strips. Error bars are standard deviations and numbers indicate coefficients of 

variation. 

CONCLUSION 
Valves based on expanding polymers can be effectively used to turn fluid flow through paper networks on or off or divert 

fluid flow from one channel of the network to another. The activation of these switches can be precisely timed by designing 
fluid delivery channels that provide the appropriate flow delay.  
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ABSTRACT
Most assays in chemistry, biology or diagnostics incorporate different liquids. In order to control these liquids or 

even dose them in defined quantities, the standard solution is to use valves. Therefore, a multitude of approaches to 
realize such valves on-chip exist. Most of these approaches are based on a flexible membrane (usually PDMS or 
another elastomer) which can be actuated e.g. by air. These approaches however have limitations especially with 
respect to industrial manufacturability. We have therefore developed a valve system based on a rotary valve concept 
which allows a switching of different channels (in our current design up to 9 channels) as well as a metering of 
liquids directly in the valve and which is easy to manufacture and assemble by industrial methods.  
 
KEYWORDS
Microfluidics, valves, injection molding.  

 
INTRODUCTION

Most assays in chemistry, biology or diagnostics require a variety of liquids. In order to control or switch these 
liquids or even to dose them in defined quantities, the most common solution is the use of valves. Therefore, a 
multitude of approaches to realize such valves on-chip exist [1]. Most of these approaches are based on a flexible 
membrane (usually PDMS or another elastomer [2]) which can be actuated e.g. by air or other liquids as well as 
actuators such a piezoelectric actuators. These approaches however have limitations especially with respect to 
scalability for industrial manufacturability. Especially for disposable devices for applications such as point-of-care 
testing (POCT), the manufacturing cost for such devices are under extreme pressure and should be of the order of 
2$ or less. On the other hand, especially diagnostic assays based on molecular diagnostic protocols usually contain a 
rather complex sequence of fluidic handling steps and therefore many fluidic switching steps. It is therefore desirable 
to have a valve which is not only able to open or close a microchannel but can also route liquids into different outlets. 
We have therefore developed a valve system based on a rotary valve concept which allows a switching of different 
channels (in our current design up to 9 channels) as well as a metering of liquids directly in the valve and which is, 
in contrast to other reported turning valve solutions [3], easy to manufacture and assemble by industrial methods. 

 
EXPERIMENTAL SET-UP

The principle set-up of our valveing concept is shown in cross-section in Fig. 1. A device incorporating such a 
valve consists out of three components, the microfluidic chip with the microchannel itself, the valve body and the 
valve holder. All these components are made using injection molding, the chip and the valve holder by conventional 
single material molding; the actual valve body by two-component molding. The main part of the valve body and the 
side open to the actuator is molded using a hard polymer (e.g. polycarbonate) and the valve seat in a softer 
component such as a thermoplastic elastomer (TPE). Assembly of the valve body and holder onto the microfluidic 
chip can be automated and actuation is done using a stepper motor with moderate torque. We have used a modular 
approach to making different types of valves. Two diameters for the valve body are available (11 mm and 8 mm 
diameter). The actual design of the soft component valve seat determines the actual functionality of the valve. 
Depending on this design, such a valve can be a simple switch valve combining one inlet to different outlets, a 
complex switching valve, combining different inlets with different outlets simultaneously or a metering valve where 
a defined volume is incorporated in the shape of the valve seat. Figure 2 shows different examples of two-component 
injection molded valve bodies. 

 

 
 

 

Fig. 1: Concept of the rotary valve. All components are 
manufactured using injection molding. Assembly can be 
automated. 

Fig. 2: Different examples of the two-component 
injection molded valve body (left) and a complete 
valve assembly on a microfluidic chip (right). 
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Fig. 4: Experimental set-up for the valve 
experiments. 

 
EXPERIMENTAL RESULTS 

In order to demonstrate the basic usability of the concept for metering liquids on a chip, a valve seat with a 
lenticular metering structure on the 8 mm diameter platform was designed, connecting four different fluidic ports. 
The sequence for metering a volume is shown in Fig. 3 a-d. The ports which are connected in this valve design are 
labelled A, B, C and D. The chip itself is a standard microscopy-slide sized (25.5 mm × 75.5 mm) device with 14 
Mini-Luer connectors on either of the long sides of the chip, allowing for a sufficiently high number of liquid ports 
even for complex fluidic protocols. The valve is filled by rotating the valve so it is connecting ports A and C (Fig. 
3a). The valve is rotated (Fig. 3b) and a geometrically defined amount of liquid is transferred into the channel 
connected to port B (Fig. 3c) by applying air (alternatively a second liquid) at port D. The transfer is done with very 
little carry-over (Fig. 3d). 

 

 

 

 

 
             a                               b                                c                             d 

Fig. 3: Sequence for metering volumes in the valve: Liquid is injected through ports A and C (a). The valve rotates (b) 
and ejects the liquid through port B (c). The metering chamber is completely emptied in the process (d). 
 

Figure 4 shows the experimental set-up for such experiments in 
order to convey a sense for the required sizes of motors turning the 
valve. The test set-up can operate two turning valves which are 
positioned on a standardized microfluidic platform. An example of 
such a microfluidic platform chip can be seen in the middle of 
Fig. 4. In order to have sufficient headspace for handling the chip, 
aluminum distance holders between the motors and the valves are 
inserted which would not be needed in a specialized application. 

The achievable metering reproducibility from chip-to-chip is 
shown in Fig. 5. A series of 20 chips was measured, yielding an 
average metering volume of 5.25±0.15 µl, indicating a high 
reproducibility in the manufacturing process (CV <3%). This is 
important for a large number of commercial applications, as many 
protocols require the dosing of absolute amounts of reagents which 
is difficult to achieve with other types of valves. 

In order to minimize the size of the actuators needed to turn the 
valves which in turn is important for the size of a possible 
instrument to run the chip as well as to minimize the energy 
consumption for a given protocol, the torque necessary to start 
actuating the valve was evaluated and different surface 
modifications of the valve seat were carried out in order to find a 
material combination which requires minimum torque. Figure 6 
shows the torque necessary to actuate the 8 mm diameter valve as a 
function of the surface treatments. A is the native state of the 
materials, B a Teflon coating at 45˚C, C a hydrophilization and D a Teflon coating at room temperature. It can be 
seen that the Teflon coatings have an influence of the torque, however the initial material combination (TPE/COP) 
has proven to be a good choice and is already within 10% of these values. For most practical applications, from the 
manufacturing perspective the additional manufacturing cost would therefore be hard to justify. The average torque 
of around 20 mNm however can be delivered by simple standard motors, thus allowing for rather compact and 
low-cost instrumentation. 

 
CONCLUSIONS 

In this paper, we present a platform concept for rotary valves on a chip. This valve type can fulfill a variety of 
different tasks in a microfluidic device, from switching single channels to complex simultaneous switching of a 
multitude of channels and the metering of volumes directly in the valve body. Emphasis has been put on to the 
industrial manufacturability of the solution, as many applications are under high cost pressure. By using 
two-component injection molding, all parts of the valve can be molded and assembled in an automated fashion. The 
valves performed well in the pressure ranges normally used in microfluidic chips (<2 bar) and show a high degree of 
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reproducibility in the metered volumes (CV <3%). The torque necessary to actuate the valves is compatible with 
simple off-the-shelf electric motors, thus allowing the integration of such valves in simple instruments. We have 
developed a multitude of chips with these integrated valves, performing a variety of protocols including PCR and we 
expect this technology to become a viable commercial alternative to the mostly academically used membrane valves. 

 

 

 

 

Fig. 5: Metering reproducibility measured with 20 
different chips. CV is <3%. 

Fig. 6: Torque measurements with different surface 
modifications: A: native materials, B: Teflon at 45˚C, C: 
hydrophilization, D: Teflon at room temperature. 
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FAST SURFACE-TOPOGRAPHY-DRIVEN DROPLET 
TRANSPORTATION ON THE MAGNETIC ELASTOMER WITH A 

SUPERHYDROPHOBIC SURFACE 
Kwangseok Seo, Jiyoon Oh, Jieun Kim, Rinbok Wi and Do Hyun Kim 

KAIST, Korea 

ABSTRACT 
For fast droplet transportation on an open surface, we developed the surface-topography-driven droplet 

transportation process using a magnetic elastomer with a superhydrophobic surface. Because the superhydrophobic 
surface has a high contact angle and low contact angle hysteresis, a droplet can easily roll off on the tilted surface. 
By taking advantage of the superhydrophobic characteristics of the surface, a droplet was moved on the surface of 
the device through local change in topography by the magnetic actuation. As far as we know, it is the first time to 
apply this concept to droplet transportation. 
 
KEYWORDS 
superhydrophobic surface, magnetic elastomer, open surface digital microfluidics, droplet transportation, surface- 
topography-driven droplet motion control. 

 
INTRODUCTION 

Movement of liquid microdroplets is one of the important issues in microfluidics, especially in open-surface 
digital microfluidics (OSDMF) which doesn't have channels and is based on micromanipulation of discrete droplets. 
There are three main types for droplet motion control in the OSDMF: electrowetting-on-dielectric(EWOD) [1], 
magnetofluidics [2] and wire-guided manipulations [3]. In these systems, EWOD needs expensive and complicated 
procedure to fabricate the devices. In the magnetofluidics, superparamagnetic particles should be designed not to 
contaminate biological or chemical reagents in a droplet. In the wire-guided manipulation, the diameter of the wire 
should be selected depending on the volumes of droplets to be transported. Besides, all these systems have a 
constraint in the size of a droplet to transport.  

We developed a new device for the transportation of droplets using a magnetically actuating elastomer with a 
superhydrophobic surface. Because the superhydrophobic surface has a high contact angle and low contact angle 
hysteresis, a droplet can easily roll off on the tilted surface. By taking advantage of the superhydrophobic 
characteristics of the surface, a droplet was moved on the surface of the device through local change in topography 
by the magnetic actuator. Fast transportation of water droplets were performed on the devices. The stable moving 
speed of the droplet was higher than 8 cm/s. In addition, the direction and speed of droplet motion could easily be 
controlled by changing the surface topography using magnetic force. This speed is comparable with that of a 
self-propelling Leidenfrost liquid droplet on hot brass surface with rachetlike topology among the fastest processes 
reported. But in our device, no vaporization is required to move droplet on the magnetic elastomer device compared 
to self-propelling Leidenfrost liquid droplet movement. The superhydrophobic magnetic elastomer actuator may find 
its applications in droplet-based microfluidics and lab-on-a-chip systems. 
 
EXPERIMENT 

Our device consists of two main parts. One is a magnetic elastomer (3 layers) and the other is a 
superhydrophobic surface, as shown in Scheme 1. The magnetic elastomer actuator plate consisted of 3 layers. For 
the first layer, silicone elastomer base, silicone elastomer curing agent (Dow corning , Sylgard 184) and silicone oil 
(Dow corning corporation, 200 fluid, 50 cSt, Sigma-Aldrich) were mixed. Their ratio was 81 wt%, 2 wt%, and 17 
wt%, respectively. After degassed under vacuum, the mixture was poured into a petridish and cured in an oven 
(70 ℃, 2 h). The final thickness of the first layer was about 3 mm. For a second layer, silcone elastomer base (39 
wt%), curing agent (1 wt%) and Fe powder (60 wt%) were fully mixed. After degassing, the mixture was poured on 
the first layer and cured in an oven (70 ℃, 3 h). The final thickness of the second layer was about 3 mm. For a last 
thin protecting layer, silicone elastomer base (91 wt%), and curing agent (9 wt%) were mixed. The rest of procedure 
was same as above. The final thickness of the third layer was 0.3 mm. Fig. 1a shows the side-view of the magnetic 
elastomer actuator. 

The superhydrophobicity was given to the elastomer surface by rendering a hierarchical morphology based on a 
solvent/non-solvent method with isotactic polypropylene (i-PP). A solution for superhydrophobic coating was 
applied employing the procedure by Erbil et al.[4] The surface of the magnetic actuating elastomer plate was coated 
by spraying the solution with an airbrush. As shown in Fig. 1b, the superhydrophobic surface had a contact angle of 
157° ± 2° and a maximum sliding angle of a water droplet (5 μL) smaller than 5° (from measurement on 15 different 
spots of the surface). The surface roughness in micro and nano scale could be verified by a scanning electron 
microscope (SEM), as shown in Fig. 1c. Submicrometer-sized wrinkles were observed on the micrometer-sized 
globules.    
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Scheme 1. Scheme of the superhydrophobic magnetic elastomer plate. The plate consists of magnetic elastomer 
(soft PDMS(2.5 wt%), magnetic elastomer, hard PDMS(10 wt%)) and a superhydrophobic surface(i-PP coating) 

 

 

Figure 1. a) Side view of the magnetic elastomer plate. b) Contact angle measurement of a water droplet   (9.66 
μl) on the magnetic elastomer with superhydrophobic surface. c) SEM image of the superhydrophobic surface. 

 
RESULTS AND DISCUSSION 

Iron particles are impregnated in the second elastomer layer of the device. These particles are attracted to a 
magnet generating a magnetic field. The attracted particles in the dense polymer network lead to the deformation of 
elastomer. It implies that the magnetic attractive force of the particles will be equilibrated with an elastic force of the  
elastomer. Therefore, a mini bowl, shown in Fig. 2a, will be locally created on the surface when there is a magnet 
under the device. Fig. 2a is for the case without superhydrophobic coating for visibility. The shape of the mini bowl 
could be identified by an alginate gel molding. Fig. 2b shows a cross-section of the molded alginate gel. When three 
neodymium magnets stacked for strong magnetic field are used under the device, the depth and the diameter of the 
mini bowl was about 1.3 mm and 22.4 mm, respectively, as shown in Fig. 2b. Each magnet has a diameter of 2 cm 
and a thickness of 1cm with a magnetic flux density of 0.47 Tesla. From the figure, the slope angle of the mini bowl 
could be obtained as approximately 6.6° assuming that the slope of the minibowl is linear. It should be mentioned 
that the slope angle of the mini bowl needs to be higher than the sliding angle of the droplet on the surface in order 
that the droplet rolls off on the surface. The superhydrophobic surface has a maximum sliding angle of 5°. Thus, the 
droplet can sufficiently roll off in the mini bowl. 

 

Figure 2. a) Local topography change created by a magnetic force. b) Cross-section view of an alginate gel with 
the shape of the mini bowl. 

 
The position of the mini bowl can be manipulated by controlling the position of a magnet underneath the 

superhydrophobic magnetic elastomer plate. It implies that a droplet also can be manipulated in synchronization with 
the magnet, because the droplet rolls off toward the center of the mini bowl, as shown in Fig. 3a.  

Fig. 3b shows a series of images during the transportation of droplet on the plate. For clarity, the water droplet 
was marked with a pink box. The magnet was manually operated under the plate. The stable velocity of the droplet 
could be higher than 8cm/s. The maximum speed of the water droplet would be much higher than 8 cm/s without 
sudden acceleration. 
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Figure 3. a) Schematic diagram of a droplet transportation on a superhydrophobic magnetic elastomer plate b) A 
series of images during the transportation of a water droplet ( in a pink box) on the device. 
 

 
CONCLUSIONS 

We developed a new device for the transportation of droplets using a magnetically actuating elastomer with a 
superhydrophobic surface. The superhydrophobic surface was prepared employing a solvent/non-solvent method 
with isotactic polypropylene. Because the superhydrophobic surface has a high contact angle and low contact angle 
hysteresis, a droplet can easily roll off on the tilted surface. By taking advantage of the superhydrophobic 
characteristics of the surface, a droplet was moved on the surface of the device through local change in topography 
by the magnetic actuator. Fast transportation of water droplets were performed on the devices. The moving speed of 
the droplet was higher than 8 cm/s. In addition, the direction and speed of droplet motion could be easily controlled 
by changing the surface topography using magnetic force. Instead of manual operation, a magnet controller with 
computer-controlled actuators would enable the complex and elaborate manipulation for droplets. We expect that this 
kind of novel droplet manipulation could open up new possibilities for droplet transportation system and open 
surface digital microfluidics. 
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IN EXTENDED-NANO SPACE MIMICKING CELLULAR ENVIRONMENTS
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ABSTRACT  

We have succeeded in investigating enzyme reaction in extended-nano (10-1000 nm) space modified by phospholipid 
bilayers which mimics an intercellular structure (from several tens to several hundreds nanometer-spacing). Previously, 
enzyme reaction in intercellular space was difficult to detect both in vivo and in vitro. However, this analytical model 
enables to investigate enzyme reaction in intercellular space, and will be powerful tools for study on cell functions close 
to cell membranes. 
 
KEYWORD
Extended-nano space, enzyme reaction rate, lipid bilayers modification 
 
INTRODUCTION

Many researchers have made a study on cell functions in cells space of 10-1000 nm, and in such space it is suggested 
that specific solution properties such as higher viscosity and higher proton mobility [1]. However, direct detection of 
those in vivo is challenging. Therefore, it is required to make a tool for investigating cells space in vitro, but the tool is 
unrealized.  

So far, the biomimetic extended-nano space of 10-1000 nm, which was made on fused silica and modified by 
phospholipid bilayer, was developed. In this space, higher proton mobility was observed than in bulk. However, how the 
specific property near cell membrane affects cells function has not been investigated yet.  

In particular, we focused on enzyme reaction, which plays an important role in cells function. In this study, the effect 
of higher proton mobility on enzyme reaction is investigated. We expect the structured water molecules help protonation   
to substrate (Figure 1). 

Therefore, the objective is revealing relationship between solution property and cells function by the biomimetic 
extended-nano space. The issue is selecting reaction system and designing micro-nano chip for reaction rate 
measurement. 

Figure 1.Concept of this study 
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EXPERIMENTAL 
The extended-nano channels were fabricated on a synthetic quartz glass by electron beam lithography and plasma 

etching. In this study, plate-type extended-nano channel (width 100 µm, depth 300 nm, length 400 µm) and square-type 
extended-nano channel (width 600 nm, depth 300 nm, length 400 µm) were used. Then micro channels and holes for 
sample introduction were fabricated on the chip. The chip was thermally bonded with an upper plate at the temperature of 
1080 ℃. 

As a suitable enzymatic reaction, we selected a hydrolysis reaction in which nonfluorescent TG-β-gal was hydrolyzed 
to TG and β-galactose by β-gal acting as catalyst, as shown in Figure 2. The observed reaction product, which was TG, 
exhibited strong fluorescence at around 510 nm. In this reaction, protonation to Tokyogreen-β-galactoside might be 
affected by increase in proton mobility in extended-nano space 
 

Lipid bilayers were modified by vesicle fusion method. As lipids, dioleoylphosphatidylcholine (DOPC) including 
Texas-Red dihexadecanoyl-sn-grycero-3-phosphoethanolamine (DHPE) 1% was used. Vesicle solution was introduced in 
extended-nano channel, and then buffer solution was introduced for washing.  

Enzyme solution and substrate solution was mixed in micro channel, and was injected into lipid modified square-type 
extended-nano channel in 200 kPa with pressure controllers (Figure 3). In this chip design and pressure, injection time 
was estimated at 12 seconds, and this is much shorter than reaction time: 30 minutes. Therefore, initial rate V0 was 
determined in this system. After sufficiently introducing mixed solution of substrate and enzyme into extended-nano 
channel, pressure was turned off and flow was stopped. Fluorescent intensity to reaction time was measured at enzyme 
concentration of 10 µM and substrate concentration [S] of 5µM, 10µM, and 20µM. Similarly in plate-type extended-nano 
channel, micro channel, and bulk, fluorescent intensity to reaction time was measured. 

Figure 2.Hydrolysis of Tokyogreen-β-galactoside 

Figure 3.Setup 
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RESULTS AND DISCUSSION
Figure 4 shows relation between reaction time and fluorescent intensity in lipid modified square-type extended-nano 

channel. In case of introduction of enzyme and substrate into extended-nano channel, fluorescent intensity increased with 
increasing reaction time. However, in case of introduction of blank solution, fluorescent intensity didn’t increase. 
Therefore, enzyme reaction in lipids modified square-type extended-nano channel was monitored successfully by 
fluorescence. It was the same in case of the other channels. From the slope of increase in fluorescent intensity, V0 was 
obtained. Lineweaver–Burk plot of 1/V0 vs. 1/[S] was used to determine the kinetic parameters of enzyme reaction. 
Maximum reaction rate Vmax was obtained from the intercept, and Michaelis constant Km was obtained from the intercept 
and the slope. 

 
 

 
 
Table 1 shows Km and Vmax in each channel. Vmax in square-type extended-nano channel is higher than that in 

plate-type extended-nano channel. Increase in Vmax means increase in hydrolysis including protonation. And also this 
result corresponds to behavior of proton mobility. The reaction rate in lipid modified square-type extended-nano channel 
is higher than that in unmodified square-type extended-nano channel. Proton mobility in lipids modified extended-nano 
channel is also higher than that in unmodified extended-nano channel at 300 nm channel size. Therefore, proton of 
solvent might get involved in hydrolysis.

Vmax of lipids modified square-type extended-nano channel is 5.1 times higher that of bulk. Converted to temperature 
using Arrhenius equation, this corresponds to increase of 27 ℃. This shows enzyme reaction near cell membranes is at 
higher velocity and more efficiently than expected. The tool which we developed enabled to imitate biological reaction 
near cell membranes in vitro for the first time. 
 
CONCLUSION

Enzyme reaction rate in extended-nano space was determined successfully by micro-nano chip that we designed, and 
dependence of enzyme reaction with space size is investigated. Increase in enzyme reaction rate in intercellular space is 
verified in vitro. Therefore, it is demonstrated that in vitro model of intercellular space we developed is very useful. 
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BUBBLE-GATE FOR IN-PLANE FLOW CONTROL IN 
MICROFLUIDIC CHANNELS 
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ABSTRACT 
    We introduce the microfluidic “bubble gate” as a readily implementable strategy for on-chip liquid 
handling that requires a footprint of only 500 m × 500 m and is compliant with single-layer soft lithography. 
The key active component of the bubble gate is an air bubble that is propelled with an externally applied 
pressure to either enable or prevent liquid flow through a fluidic gate. We use microscale particle image 
velocimetry (µPIV) to quantify the transient liquid flow through the bubble gates that were fabricated in 
polydimethylsiloxane (PDMS) substrates with either ethanol or the biological buffer 3-(N-morpholino) 
propanesulfonic acid (MOPS) as the working liquids. We demonstrate the dynamic control of bubble gates, 
their predictable opening and closing in response to a sudden change in the actuation pressure and quantify the 
resulting bubble displacement. We report a dimensionless operating pressure envelope for the bubble gate that 
is supported by the results obtained for both working liquids and by a theoretical prediction. We provide 
different illustrations of the utility of the demonstrated bubble gates. 
 
KEYWORDS 
Flow control, well-based microfluidics, micro valves, valving, liquid sampling 

 
INTRODUCTION 

Unique characteristics of microfluidic systems are associated with their capacity to controllably manipulate 
and analyze minute volumes of reagents. To achieve precise control of samples and reagents, readily 
implementable and effective flow control strategies are needed. Many flow control techniques and micro valve 
structures that been proposed since the advent of MEMS and lab-on-a-chip systems [1-4]. The previously 
proposed techniques have relied on a variety of physical phenomena to achieve flow control. The physical 
phenomena employed for flow control range from optics to electrokinetics and from pneumatics to 
piezoelectric effect and even phase change and two phase flow [1-4]. While each of the proposed micro valves 
have shown promise for certain applications, most of them require complex multilayer fabrication or high 
voltage connections, high temperature gradients, electrochemical reactions or other intrusive phenomena that 
makes them unsuitable for many applications dealing with sensitive reagents (e.g. biological analysis). 
Remarkably, despite the many complex solutions, the simplest designs have become most popular. However, 
their reliance on a very limited choice of (elastomeric) substrate materials, particularly PDMS, provides a key 
practical challenge. 

We introduce a bubble-propelled flow control strategy that we call “bubble gate”. The bubble gate requires 
only a single feature layer, is compliant with different substrate materials (e.g. PDMS, glass, silicon and 
PMMA), common microfabrication procedures and a small footprint. Gas bubbles have been previously used 
as active elements in reversible volume-displacing microfluidic actuators [1, 2]. Bubble-assisted flow control 
does not require complex fabrication procedures and the bubbles have the ability of conforming to different 
channel geometries. Our bubble gates provide for effective flow control while not requiring any heating or 
phase change.  

The bubble gate is most suitable for well-based integrated microfluidic systems where the liquid samples 
are delivered to the microchannels via pressurized reservoirs (i.e. wells) similar to the schematics in figure 1a. 
This method of liquid delivery will eliminate the need for the common bulky syringe pumps and allows the 
outgoing liquid to be sampled at the outlet using the same bubble gate flow control. The bubble gate is also 
scalable and readily implementable in multilayer structures as will be shown in the following sections. 
 
EXPERIMENT 

Figure 1b illustrates the design and mechanism of action for the bubble gate. In this strategy, flow control is 
achieved by means of a computer controlled gas stream that intercepts a liquid stream at a T-junction, forming a 
long bubble. Closely positioned micropillars are employed to confine the bubble motion. The bubble breaks into 
the liquid stream and occupies the entire liquid cross-section, when the gas pressure is maintained, hence, 
blocking the liquid flow. The bubble gate’s operation can be divided to three key states: 1) when the bubble is 
moving into the liquid channel closing the gate (see figure 1b) 2) the fully closed position where the bubble is 
occupying the entire chamber made by the liquid channel walls and the micropillars (see figure 1b) 3) when the 
bubble is withdrawing from the chamber hence opening the gate. These states define the bubble gate’s operation 
envelope. For the bubble gate to break into the stop valve the pressure difference across the stop valve must be 
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greater than the surface tension pressure or                         , where   is the surface tension 
coefficient. Substituting for      , the liquid pressure at the gate (see figure 2b), in terms of the liquid pressure 
head,       , the gate closing constraint is obtained as                                        . On the 
other hand, to prevent bubble break up into the liquid channel when the gate is closed the gas pressure must 
remain below the surface tension pressure across the micropillars or                          . The two 
aforementioned constraints define the theoretical boundaries for effective bubble gate operation. 

Figure 2c shows the normalized operating pressure data validated against the theoretical constraints 
discussed above. All pressures and constraints are normalized with respect to                     . The 
experimental data were obtained for a PDMS made devices with              and stop valve entrance width 
of                . The working liquids employed were ethanol and MOPS buffer. As seen in the figure the 
experimental data fall well within the operating envelope defined by theory.  

To verify the bubble gate’s robustness, the bubble gate was opened and closed with a frequency of 0.5 Hz (i.e. 
1(sec) open and 1(sec) closed) for 24 hours. Twenty images with frame rate of 3fps were recorded every 30 
minutes to ensure and quantify the bubble-gate’s extended operation by counting the number of completed 
cycles in every 20 frames captured for over 24 hours without interruption. The bubble gate did not follow the 
control signal in less than 10% of the measurements. The lack of responsiveness can be attributed to pressure 
fluctuations and interface pinning. 

Figure 3a shows the bubble gate’s effectiveness in blocking liquid flow based on velocity fields obtained by 
µPIV when the bubble gate is open and closed. To study the bubble gate’s dynamic behavior, the bubble gate 
was subjected to a square wave pressure input with frequencies of  f=0.5 and f=1. Figure 3b shows the 
schematic for the control signal and the mid and full cycle times, t1 and t2. Figures 3c, d show the bubble gate’s 
normalized input pressure and displacement in response to the square wave control input. The histograms in 
figures 3e and 3f quantify repeatability of the cycles using probability distributions of the normalized 
characteristic times, t1

*
 and t2*. The competition between the liquid and gas streams is a major source of 

instability in the bubble movement in high liquid pressure conditions and as a result a wider probability 
distribution (i.e. red histograms) as compared with lower liquid pressure cases.  

To illustrate the bubble gates’ function as a sampling tool two experiments were performed. Figures 4a, b 
show a well-based device with two inlets connected to two pressurized ethanol reservoirs (i.e. wells) one labeled 
with a fluorescent marker. The inlet channels flow downstream past two bubble gates into a third channel at a Y 
junction. The bubble gates were alternated with a time delay of three seconds and the downstream concentration 
response was recorded which is plotted in figure 4c. The "closed" and "open" times were extracted from the 
concentration distribution in figure 4c and it is concluded that the concentration distribution followed the control 
signal with negligible deviation as demonstrated by the very narrow histograms in figure 4d.  

The bubble gate strategy was also used for liquid sampling in a three layer microfluidic device as shown in 
figure 4e. The device consisted of three microchannels each on a separate layer with a common inlet and outlet 
for all channels and individual bubble gates controlling the liquid flow in each layer. Each bubble gate had a 
separate gas inlet and was controlled independently. Similar to the sampling experiment in figure 4a, pressure 
head of 0.23 psi was applied to drive the liquid into the channels (resulting in a flow rate of approximately 
21μL/min). PClosed was varied between 0.3 and 0.35 psi and POpen was varied between 0.15 and 0.2 psi during the 
experiment. The fluorescent images in figure 4e show the bubble gate in each layer blocking the flow of the 
fluorescently labeled liquid in that layer while it flows in the other layers. 

 
 

 
Figure 1 (a) Schematic illustration of a microfluidic device with pressurized wells at the inlet and 
bubble gates to control sample delivery at the inlet. (b) Schematics of the bubble gate in “open” and 
“closed” positions.                                                                                                                                                                                                                                                                                                                                                                                                      
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Figure 2 (a) Schematic representation of the experimental setup and (b) the pressure circuit for the bubble gate (c) 
Measured operating pressure envelopes for the working liquids ethanol (red) and the biological buffer (MOPS, 
blue). Lines represent the theoretical operational constraints discussed in the text. 
 

 
Figure 3 (a) PIV data for the bubble gate in its “open” and “closed” positions. Working fluids are ethanol and air. 
(b)Schematic illustration of the control signal. (c) Normalized measured gas pressure input vs. time. (d)Normalized 
bubble displacement vs. time. (e,f) Histograms of normalized t1 (open time) and normalized t2 (full cycle). 

 

 
Figure 4 (a) Experimental setup for the Y-channel liquid sampling experiment. (b) Fluorescent images of the 
Y-channel at open and closed positions.( c) Plot of fluorescence intensity versus time. (d) Histograms for the time 
each valve is open or closed (e) Schematic illustration for a three-layer device with liquid sampling enabled by 
bubble gates in all layers. Fluorescent images illustrate the independent operation of the three bubble gates.  
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ABSTRACT 
   We report experimental results on chaotic mass transport induced by alternating topological changes of magnetic particle 
chains actuated by a rotating magnetic field. We show the induced fluid flows and the level of fluid mixing for (1) the regime 
of rigid chain rotation and (2) the regime in which the chains periodically fragment and reform. The effects of the different 
actuation regimes on a biological binding reaction in the solution are also reported. We conclude that the alternating 
topological change of microparticle chains is an effective mechanism to achieve chaotic mixing and thereby promote and 
homogenize reactions in lab-on-a-chip systems.

KEYWORDS 
Microfluidic flow, Microfluidic mixing, Magnetic particles, Particle dynamics, Affinity assay.

INTRODUCTION 
Magnetic micro- and nanoparticles are being applied in lab on chip systems as labels, sorters, capture particles, transporters 

and mixers. In such applications, external magnetic fields are used to manipulate the particles and thereby the fluid and the 
biochemical materials. Specifically, there is an interest to achieve effective mixing by chaotic fluid transport [1] in order to 
promote reactions and homogenize the biochemical processes. 

A recent approach is to apply rotating magnetic fields in order to generate chaotic fluid transport. Numerically and 
experimentally, rotating magnetic particle chains have been observed to induce enhanced mixing [2-4]. Under certain 
circumstances, the formed bead chains begin to periodically break-up and reform. Kang et al. [4] concluded from numerical 
simulations that this repeating topological change of the particle chains should be the most efficient way to induce chaotic 
mixing.  In this paper, we show experimental proof of chaotic fluid mixing. We report experimental results on the fluid flows 
induced by rotating magnetic particle chains, for (i) the regime of rigid chain rotation and (ii) the regime wherein chains 
periodically fragment and reform.  

EXPERIMENTAL SYSTEM 
An octopolar electromagnetic system has been designed for full three-dimensional control of the magnetic fields over a 

wide range of frequencies (Fig. 1). The setup consists of 8 individually controlled copper coils (brown) together with 8 soft-
iron (ARMCO®) poles (grey) connected by soft-iron frames. Magnetic fields are produced by the flow of electrical currents 
through the coils and the fields are guided to the fluid cell by the soft-iron frames. At the center of the sample area, a closed 
fluid cell is placed which contains a suspension of particles     

 
Fig. 1 The octopolar electromagnetic system. 
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   Flow analysis experiments were conducted with superparamagnetic microparticles (3 μm) and fluorescent tracer particles 
(0.5-0.2 μm). The corresponding bulk solution was a high viscosity fluid (~6 mPa·s) used to limit the diffusive mass-
transport of the fluorescent tracer particles and the sedimentation of the magnetic particles. Incubation experiments were 
conducted utilizing streptavidin-coated magnetic capture particles (3 µm, 4·106/ml) and biotin-coated fluorescent target 
particles (200 nm, 2·106/ml). A buffer solution (PBS with 10 mg/ml BSA) was used to suppress nonspecific interactions. 
 

RESULTS AND DISCUSSSION 

   Particle tracking experiments were conducted with isolated rotating magnetic particle chains, for (1) the regime of rigid 
chain rotation and (2) the regime wherein chains periodically fragment and reform. To quantify the fluid flow induced by the 
rotating magnetic particle chains, we followed the small tracer particles in close proximity to the rotating magnetic particle 
chains using an in-house built particle tracking software with a resolution of 2 pixels per µm. 
   In the case of rigid rotating chains, the overall trajectories of the tracer particles are steady slightly modulated circles 
around the center of the microparticle chains (Fig. 2A).  In the regime wherein chains break and reform, the tracer-particle 
trajectories indeed become chaotic (Fig. 2B).   
 

 
Fig. 2 Experimental rotating magnetic particle chains and the induced tracer particle trajectories. The plotted trajectories 

are scaled to unit length. (A) Rigid rotating chain behavior. The overall trajectories of the tracer particles are steady slightly 

modulated circles around the center of the rotating chain. (B) Alternating fragmentation and reformation of a rotating chain. 

The induced tracer particle trajectories become chaotic. 

 
     
 

 
Fig. 3 Chaotic fluid mixing induced by the alternating topological change of a rotating magnetic particle chain. Intensity of 

segregation (M) is plotted with respect to the amount (#) of rotational cycles. The color bar indicates the intensity of the 

fluorescent mixing dye. In the unmixed state: M=1 and a clear interface can be seen between the dye and the uncolored 

water. After 15 rotational cycles, the two fluids are mixed and M drops to 0.1 and remains constant. 
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   Mixing was evaluated by introducing a concentrated drop of fluorescent dye-particles into the fluid cell and visualizing the 
spatial-temporal variation of the (fluorescent) dye-water interface using in-house built image analysis software; the resolution 
was 2 pixels per µm. The software is capable of extracting the fluorescent intensity (I) of fluid in a defined area. In this study, 
we were interested in the local fluid mixing occurring within the rotational range of a magnetic particle chain. 
   We characterized the mixing using a modified version of the intensity of segregation (M) [3], i.e. in a perfectly mixed 
system M=0 while in an unmixed system M=1. When particle chains periodically break and reform, we observe that M 
decreases from 1 to 0.1 within 15 rotational cycles, and then remains constant (Fig. 3), which constitutes an experimental 
proof of the occurrence of chaotic fluid mixing.   
  
   We also characterized the effects of the different mixing regimes on a biochemical binding reaction in the solution, and 
indeed found that the kinetics are significantly enhanced by the chaotic mixing regime as compared to the non-chaotic regime 
(Fig. 4). Specifically, rotating streptavidin-coated magnetic particle chains were employed and the fluid was seeded with 
biotin-coated fluorescent target particles. 
 
 

 
Fig. 4 Reaction product as a function of the mixing time. The chaotic regime corresponds to the chain dynamics of 

fragmentation and reformation. The non-chaotic regime corresponds to rigid rotating chain behavior. An enhancement of the 

reaction kinetics can be clearly seen for the chaotic regime when compared to non-chaotic regime. 

 

CONCLUSION  

   We conclude that the alternating topological change of the microparticle chains – with repetitive chain breakup and chain 

reformation – is a key mechanism to achieve chaotic mixing and thereby promote and homogenize reactions in lab-on-a-chip 
systems. 
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ABSTRACT
This paper focuses on capillary filling at the nanoscale where deviations to the Washburn’s classical theory are 

observed. Imbibition experiments in microfabricated silicon-glass nanochannels with low aspect ratio (width >> 
depth and depths going from 400 nm down to 20 nm) are performed for several liquids. In all cases, as predicted by 
the Washburn’s law, liquid invasion front location evolves as the square root of time. However, filling kinetics 
slowdown compared to the Washburn’s law is measured in nanochannels for depths below ~ 100 nm. Furthermore, 
below a liquid-dependent depth threshold, we observe spontaneous bubbles formation behind the advancing 
meniscus. Bubbles dynamics (formation conditions and lifetime) are analyzed thanks to our experimental data 
involving several liquids and nanochannels depths. Viscous resistance induced by the bubbles presence is estimated 
using an effective medium approach. Conjointly, gas flow ahead of the advancing meniscus is modeled considering 
the gas as viscous and compressible. Influence of these effects on the filling kinetics is discussed.  

KEYWORDS
Capillary filling, nanochannels, nanofluidics  

INTRODUCTION
At macro and micro-scales, Washburn’s law [1] predicts that the filling length (liquid front location) evolves as 

the square root of time (t1/2) and it is generally verified quantitatively. At the nanoscale (typically below ~100 nm), 
filling length continues to evolve as t1/2 but deviations are usually observed such as filling kinetics slowdown [2-3] 
and bubbles formation behind the meniscus [3-4]. Studying these deviations to the classical macroscopic behavior at 
the nanoscale should allow better understanding and control of nanofluidic flows which play an important role in 
various fields such as nano-emulsions production [5] for instance.

Even if several works have investigated specific processes such as electroviscous effect (for water) [6] or bubbles 
induced hydrodynamic resistance [4], number of phenomena able to explain the filling kinetics slowdown remain to 
be analyzed. In this context, we focus on the poorly explored role of gas during nanochannels capillary filling. First, 
bubbles generation conditions and lifetime are measured for different liquids (water, ethanol, isopropanol and a 
silicone oil) and nanochannels geometries: 20 nm < depth < 400 nm, 200 µm < length < 5 mm and 3 µm < width < 
10 µm. As bubbles can slowdown the liquid flow, viscous resistance induced by their presence is estimated using an
effective medium approach. Second, the gas flow in front of the advancing meniscus is modeled assuming it as 
viscous and compressible. 

EXPERIMENTS 
Nanochannels are realized by standard clean-room fabrication. Lateral dimension of the channels are designed on 

a photomask: width is varied between 3 µm and 10 µm, and length between 200 µm and 5 mm, as shown in Figure 1. 
Nanochannels are etched in silicon by reactive ion etching with conditions adapted to slow smooth etching (etching 
rate is around 10 nm.min-1) and the obtained peak-to-peak roughness, measured by Atomic Force Microscopy (AFM), 
is below 1 nm on a 2.5 µm line. Microchannels (10 µm deep, 200 µm wide) are also dry etched; they provide a fast 
and reproducible arrival of the liquid during the capillary filling experiments. Holes are drilled by sand blasting at 
microchannels ends. Sealing of the silicon wafer to a glass substrate is ensured by anodic bonding. Bonding 
parameters (temperature T=370°C, Voltage V=250V, limiting current 4mA) are chosen to minimize channel collapse. 
Contact angles are measured just before the bonding step by drop deposition method (Digidrop apparatus). Full 
wetting is obtained for the different liquids, so the contact angle is supposed to be lower than 5°, the minimum angle 
that can reasonably be measured by this method. Channel depth is varied between 20 nm and 400 nm. It is measured 
by a calibrated AFM. The values are consistent with the ones obtained on test zones of width much larger than those 
of the nanochannels by a mechanical profilometer and an optical interferometry profilometer, with a maximum 
deviation of a few percents.

Filling kinetics experiments are realized on an inverted microscope (Zeiss Axio Observer D1), with 10x objective, 
and a high speed camera (Photron Fastcam SA3). Imbibition is characterized for deionized water (clean-room quality, 
18 MΩ.cm), ethanol, isopropanol (electronic grade), and silicone oil (Siliconöl M5, Carl Roth). Standard reflection 
illumination with a halogen lamp gives a good contrast between dry and wetted zone for depths down to 20 nm. 
Devices are stored in an oven at 200°C for 30 min just before the experiments. The chip is inserted in a Teflon holder 
and liquid arrival is realized by deposition of a 5 µL droplet. The temperature is measured for each experiment; its 
value is in the range 21-26°C. Relative hygrometry is around 45%.
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CAPILLARY FILLING SLOWDOWN AND BUBBLES DYNAMICS 

Our results on imbibition rates are compatible with published data [2-4]: t1/2 evolution of meniscus position but 
the filling rate is significantly lower than Washburn’s prediction (Figure 2). The relative slowdown shows no 
dependence with channel width (from 3 to 10 µm) and length (from 200 µm to 5 mm), within a few percents. 

As reported earlier, we detect trapping of bubbles for the thinnest channels. We have systematically investigated 
this process: we observe a threshold in nanochannel depth for different solvents (water, ethanol and silicone oil). 
This threshold is reached first for water, then for ethanol; and bubbles appear for oil only in the narrower devices 
(Figure 3). The precise physical mechanism responsible for bubble trapping is still unclear, but our observations 
suggest that it could be related to contact line pinning by chemical or topological defects. As a matter of fact, even 
though we measure a zero contact angle just before bonding the devices at a macroscopic scale, wetting on silicon 
oxide surface (glass or silicon native oxide) is better for silicone oil (the spreading parameter is higher) than for 
ethanol and for water, so that water (and to a lower extent ethanol) should be more subject to pinning than the oil. 
This point deserves a specific study. 

Bubbles are actually trapped: they are not convected by the flow, but their volume decreases during time until 
their final collapse. This dynamics should be governed first by compression, due to the local liquid pressure increase, 
and then, once the inside bubble pressure is sufficiently high, gas dissolution should lead to the bubble disappearance. 
Consequently, relative durations of these regimes are expected to depend strongly on the solubility of the gas in the 
liquid. Indeed, our experimental results, involving different liquids for which air solubilities are different, allow 
validating this proposed mechanism. 

Stagnant bubbles act as obstacles in the liquid flow and then they induce a viscous resistance which was 
proposed to explain the observed capillary filling slowdown. This effect is estimated using an effective medium 
approach (Brinkman’s approximation) allowing computing the permeability of a model Hele-Shaw channel (low 
aspect ratio channel) including a regular arrangement of bubbles. Surprisingly, for nanochannels depths < 100 nm, 
the permeability computed is very close to the permeability of a bubbles-free Hele-Shaw channel suggesting that 
bubbles presence is not responsible of the capillary filling slowdown. Actually, viscous resistance induced by the 
presence of bubbles spaced by micrometric sizes is negligible compared to the viscous resistance of the very 
confined nanochannels.  

 
GAS DYNAMICS 

Gas flow ahead of the advancing meniscus can also induce a resistance and then slowdown the liquid flow. In 
order to investigate the influence of this effect during capillary filling of nanochannels, we have performed a 
modeling of the transient gas flow taking into account its viscosity and its compressibility. Derived conservation 
equations have to be solved numerically on a shrinking domain. For the test case of capillary filling in 50 nm depth 
and 1 mm long nanochannel, we find a gas over-pressure in front of the meniscus of ~ 1 bar (relative to the 
atmosphere), see Figure 4. Amplitude and relative duration of the gas over-pressure at the meniscus increase when 
the nanochannel depth is decreased, see Figure 4. We see that a significant pressurization of the gas occurs during 
capillary filling of nanochannels showing that gas compressibility has to be taken into account to correctly model 
this system. However, over-pressures computed are not sufficiently high to explain the experimentally observed 
capillary filling slowdown. Indeed, gas over-pressure has to be compared to the liquid pressure difference, i.e. the 
capillary pressure jump, which is much higher at these nano-scales (72 bars for water in a 20 nm depth nanochannel). 
Additional computations have been performed taking into account presence of precursor liquid films covering 
channel walls. In the latter case, for sufficiently thick liquid films, a capillary filling slowdown compatible with 
experiments has been computed. 

 
CONCLUSION 

We have analyzed the capillary filling of simple fluids in low aspect ratio nanochannels. Capillary filling 
experiments have been performed in silicon-glass microfabricated nanochannels. In agreement with existing 
literature, we found a significant slowdown compared to the classical Washburn’s law and we observed spontaneous 
bubbles formation for nanochannels depths < 100 nm. We focus on the effect of the bubbles presence and on the 
effect of the gas pressurization in order to estimate their influence on the particular capillary filling kinetics 
experimentally measured. None of these effects can explain the measured slowdown except for the pressurization 
effect if precursor liquid films are present on nanochannel walls.  
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Figure 1: (a) Si-Pyrex nanochannel section view. 
(b) Architecture of a typical chip used consisting 
of nanoslits (in violet) with different widths and 
lengths; self capillary filling of microchannel (in 
green) allows to bring liquid in nanochannels. (c) 

Nanochannels closer view: for each length, 3 
nanoslits widths family (3, 7 and 10 µm) are 

etched is Silicon. 
 

 
Figure 2: capillary filling kinetics of deionized water in 
a 66.5 nm deep nanoslit. xm: position of the liquid front 
from the nanochannel entrance. Points: experiment; line: 
Washburn’s theory, xm²=At. Measured value of A is 20% 

lower than the theoretical one. 
 

 
Figure 3: snapshots taken during capillary filling of 

water, ethanol and one silicone oil for several nanoslits 
depths. For all the images, the distance between liquid 

front and the nanoslits entrance is ~ 750 µm. 
 

 
Figure 4: numerically computed over-pressure of air 

(relative to the atmosphere) ahead the advancing 
meniscus as a function of the dimensionless time 

(divided by the filling time) for 3 nanoslits depths. 
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ABSTRACT 
    We report a technique for controlling interparticle spacing and position for inertially-focused particles at high 
concentrations using structured microfluidic channels.  Particle control in flow holds many applications in the de-
velopment of more efficient microfluidic platforms such as in particle encapsulation for droplet microfluidics, parti-
cle separation techniques, and high-throughput flow cytometry.  We have evaluated how channel structures, or lo-
calized changes to channel width, affect particle behavior and report the following modes of control: expansion and 
contraction of interparticle spacing, improved accuracy of focusing, and shift of equilibrium positions towards the 
channel walls.  
 
KEYWORDS 
Inertial microfluidics, structured channels, particle control.   

 
INTRODUCTION 

High-throughput particle control in microfluidic systems requires operation at high concentrations and at high 
velocities.  Since inertial effects on particles in flow are known to scale with velocity [1], our approach makes use 
of inertial microfluidics to focus particles and control particle interactions in a high-throughput manner. 

Previous work investigating the effects of large channel expansions on particle interactions has been conducted 
in the context of particle defocusing, particle separation, and vortex formation [2-4].  However, controlled manipu-
lation of particle-particle interactions using refined channel expansions to promote ordering and focusing, as pre-
sented in this paper, has been largely unexplored.  We have investigated how structures affect particle behavior 
through the induction of local secondary flows and discuss potential applications for our system. 
 
EXPERIMENT 

Particles in flow were focused to equilibrium streams where a balance of the inertial lift force and the shear gra-
dient lift force occurs upstream of the structures [1].  Flow rates tested ranged from 50-100 µL/min, giving Reyn-
olds numbers (Re) between 
15-35 for a given geometry.  
Particles tested were 9.9 µm in 
diameter, with length fraction 
(λ) between 0.26-0.59. The 
number of equilibrium posi-
tions observed was dependent 
on the channel cross-section 
[1].  Single- stream focusing 
was achieved by the use of 
sheath fluid in experiments 
where one focusing position 
was desired.  Flow was driv-
en with the use of syringe 
pumps.  

Two main categories of 
structures were tested: extend-
ed chambers (Figure 1A), and 
repeated localized structures 
(Figure 1B-D).  The changes 
to channel width ranged from 
1.6x to 2.25x the original 
channel width.   

High-speed images were 
analyzed using MATLAB im-
age analysis. Characterization 
of the structured channels re-
sulted in four main modes of 
particle control, as summarized 
in Figure 1.  
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RESULTS AND DISCUSSION 
Structures that demonstrated an expansion of 

interparticle distance were extended chambers and 
symmetric, alternating local structures.  To 
strengthen this effect, both structures were used in 
series (Figure 2A).  Co-flow with water was used 
to reduce the number of focusing positions, thus 
isolating same-stream particle interactions.  Parti-
cle spacing is seen to increase after exiting the 
structured regions, with up to a 97% increase in 
interparticle distances greater than 40 µm (Figure 
2C).  Controllable increase in particle spacing at 
high concentrations is useful to the development of 
high-throughput particle interrogation techniques 
as a method to prevent coincident analysis events.  

Altering the geometry of the structured regions 
was seen to dramatically change particle behavior.  
In the case of asymmetric structures (Figure 3B), 
interparticle spacing was contracted. However, 
spacing between particles in different streams 
(cross-streams) when focused to two positions was 
unchanged.  This suggests that the effects of the 
induced secondary flows do not translate strongly 
across different streams.  The conservation of 
cross-stream spacing was observed across various 
geometries (not shown). The mechanism of the 
differing spacing effects is still unknown, and is 
currently being investigated through numerical 
simulations.  Although contraction of spacing 
may not be desired past a certain threshold, control 
of particle spacing through both expansion and 
contraction is required for promoting uniform 
spacing across particle trains.  

Structured channels result in other modes of particle control in addition to spacing effects.  For one, particles in 
structured channels were observed to focus to equilibrium positions more effectively when compared to straight 
channel controls (Figure 4).  The induction of secondary flows by the changes to channel width likely results in a 
degree of particle mixing, enabling the particles to sample the equilibrium positions more quickly and effectively 
than in the case of straight channels with no mixing.  This behavior was seen across various geometries, both sym-
metric and asymmetric.  Improved focusing accuracy is a desirable effect in many microfluidic applications; for 
example, having more accurate focusing in flow cytometry can enable implementation of a tighter beam spot for 
optical interrogation, resulting in an increased signal to noise ratio.    

A second mode of control achieved with structured channels is a shift of equilibrium positions towards the chan-
nel wall.  This behavior was seen in both square cross-section channels and in rectangular cross-section channels, 
and is conserved across a wide range of flow rates (Figure 5).  Numerical simulations were completed for a square 
cross-section to calculate the net change in streamlines for fluid that passes through the structured sections of alter-
nating symmetric structures (Figure 5B).  The results of the finite-element analysis show a secondary flow profile 
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that agrees with the experimentally observed results.  This technique can be applied to particle separation tech-
niques such as in vortex trapping (Figure 1D) to improve capture efficiency by bringing particles closer to the vortex 
for selection [4].  
 
CONCLUSION 

Current particle interrogation or separation 
techniques require dilution of the sample to prevent 
coincident events statistically ensuring a minimum 
spacing between particles in flow, resulting in low 
throughput.  Our system allows for operation at 
high particle concentrations for increased through-
put while retaining a minimum interparticle dis-
tance to reduce coincident events.  Differences in 
structure arrangement result in two modes of or-
dering behavior for particles in the same stream 
(expansion and contraction), while spacing be-
tween particles located at different streamlines is 
typically conserved across various geometries.  
The potential for creating uniform spacing through 
the contraction and expansion of interparticle 
spacing is therefore high.  Additionally, our 
structured channels are observed to shift particle 
focusing positions towards the channel wall and 
promote improved accuracy of focusing by induc-
ing local secondary flows, making them useful 
elements in inertial microfluidic systems that re-
quire high-throughput particle manipulation.  
Further analysis will be conducted towards under-
standing the range of control of this system.  
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ABSTRACT 
    High throughput, compartmentalization with a deep control of the single volume represents the main 
advantages of microdroplet systems. Herein, we present immiscible liquid mixing within nanoliter droplet-based 
microfluidic devices for protein phase transition. In doing so, we create biphasic droplets with tunable internal 
structures and phase with near-equilibrium drop-in-drop morphology and we control the protein phase. The 
microfluidic device permits to investigate the morphology of the protein and the phase transition from gelation to 
crystallization.  
 
KEYWORDS 
Droplet generator, phase transition, ternary diagram 

 
INTRODUCTION 

The formation of microdroplets has been widely investigated for several interesting application [1, 2]. In fact the 
system allows to reproduce thousand of different experimental conditions in highly compartmentalized volumes. To 
date droplet generators are used when it is required to analyze huge amount of information with the control of the 
single microsystems (as single cell or single molecule, or reaction condition uniquely addressable and indexed). 

Phase transition of proteins (coacervation, gelation and crystallization) may be initiated in a number of different 
ways [3, 4]. A less common application is the use of microdroplets for controlling the phase transition of the 
molecules. In particular it is possible to crystallize the proteins [5] to reduce the time of the process and increase the 
yield.  Here, we demonstrate immiscible fluid mixing at microscale, within nanoliter droplet in microfluidic devices 
to control the phase transition of the proteins.  

 
EXPERIMENT 

The microfluidic network (top and bottom) was milled in Plexiglas© (w=300 m, h~250 m, and L~150 mm) 
(Figure 1). There were 11.5 sinusoids in the channel, which began at x~20 mm. The protein (A1) and precipitant 
(A2) flowed in through two different aqueous channels and met at the junction to form the slugs. A carrier fluid (B) 
transported the slugs and was immiscible to the aqueous solutions to avoid chemical exchange with the slugs (no 
evaporation or loss of chemicals).  

 

 
                      Figure 1: (a) View of the microfluidic system. (b)  

Mixing at the orifice. 
 
Gelatin-B and ethanol were used as protein and precipitant. At the inlet the gelatin concentration may be varied 

between 5 and 35 v:wt% and the ethanol concentration between 10 and 100 v:v%. Gelatin viscosity increased with 
the concentration and limited the range of the protein concentration. The flow rate of the injected streams was varied 
between 0.2 and 2 l min-1. The volumetric flow rate of B to total aqueous streams, QB:(QA1+QA2), was 
maintained at 1.5. The temperature of the process was 37°C to keep the gelatin in the liquid phase.  

 
RESULTS 
   Three different phases were collected at the exit of the microfluidic channel by varying the concentration of the 
gelatin and of the solvent.  
   Those phases spontaneously separated within each droplet via decomposition into two immiscible phases: an 
ethanol-rich outer phase and a gelatin-rich inner phase. Figure 2a shows the ternary diagram of the multiphase 
system as a function of the system gelatin-ethanol-water. The range of the concentration of the ternary diagram 
gelatin-ethanol-water ranged between 0:0.6-0:0.55-0.6:0.9 respectively.  
   The inner gelatin-rich phase was ‘stirred’ within the outer ethanol-rich phase (Figure 2b). During the formation 
of the droplet the gelatin and the ethanol came in contact and instantaneously the separation of inner and outer 
phases occurred. Once the droplet was formed and is stable the gelatin rich phase travels close to the walls.  
Each droplet is equivalent to an intensively stirred picoliter flask with the moving oil walls. The high rate of the 

A1                         A2
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shear within this confined reaction flask and the high surface-to-volume ratios can influence the particle properties 
and is also responsible of the chaotic mixing occurring inside it. At the end, the flask is completely stirred and this 
guarantees that the reaction occurs uniformly within the droplet. In particular, the ethanol concentration determined 
the formation of three different phases: the phase I, the gel (ethanol below 25%), the phase II, the crystals (ethanol 
above 25%) and the phase III, the coacervates (ethanol below 25% but gelatin above 40%) (Figure 2c). Differences 
due to the morphology were clear during the dynamic movement of the droplets along the channels.  

Figure 2: (a) Ternary diagram of Gelatin at pH 5 (isoelectric point). (b) Schematization of the mixing. (c) I: 
homogeneous transparent gel with no upper liquid-coacervate; II: crystals; III: homogeneous transparent gel with 

upper liquid. 
 
   A dynamic morphology diagram is shown in Figure 3, which maps the influence of flow velocity, and 
gelatin:ethanol composition. The transitions between the different regions on the map were correlated to the flow 
velocity. We observed that the role of the flow velocity was fundamental to determine the morphology of the protein. 
Droplets with the same concentration led different morphologies whether flowed at different velocity.  
 

Figure 3:  a) Morphology map as a function of concentration and flow velocity. 
 
   We observed that in correspondence of a concentration ratio Cgel/Cethanol of 0.4 by varying the flow velocity 
from 7.5 to 26.5 mm s-1 the gelatin could be sorted out as gelatin, coacervate or crystal. 
   Furthermore, the morphology of gelatin and crystals changed along the channel as well. The snapshots reported 
in Figure 4 referred to the ratio Cgel/Cethanol=0.4 respectively at 7.5 mm sec-1 and 15 mm sec-1.   
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Figure 4: Morphology of the gelatin along the channel.   

 
CONCLUSIONS 

Phase transition of proteins in highly controlled two-phase droplets may be induced by tuning the composition of 
the droplets. This study enables the creation of droplets with tunable spatial heterogeneity, structure and morphology 
that can be exploited in biochemical investigations. 
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ABSTRACT 

Herein, we present a modular droplet-based microfluidic approach for performing high throughput cytotoxicity 
screening of photosensitizers against microbial organisms. Multiple novel fluidic operation modalities such as large-scale 
chamber based light irradiation, reinjection and low voltage driven electrocoalescence are introduced. Also, 
photosensitiser drug cytotoxicity on E.coli cells are evaluated in microfluidic device using fluorescent viability assay 
indicator and compared with conventional colony forming unit counting cytotoxicity assay.  
 
KEYWORDS: PDT, photodynamic, microfluidic, droplet, drug screening, lab on a chip 
 
INTRODUCTION 

Photodynamic therapy represents an efficacious alternative method for the treatment of localized microbial 
infections with several favourable features such as broad spectrum of action, efficient inactivation of multidrug-resistant 
bacteria, and low mutagenic potential. However, the cytotoxicity screening of the photosensitizers is a slow and manual 
process as it requires an extensive culture comparison requiring 18 hours incubation period [1]. Segmented flow 
microfluidics has recently emerged as a promising platform for performing high throughput cytotoxicity screening. These 
systems are suitable for performing high throughput experimentation as they have rapid droplet generation frequency 
ranging from 10Hz to kHz range, fast analysis time, reduced reagent interaction with channel walls, and integration of 
various functional components [2]. Previously, we introduced a microfluidic flow system for activity screening of 
photodynamic therapy agents [3] and other continuous flow based microfluidic methods have also been introduced 
demonstrating various benefits of using microfluidic devices for high throughput photosensitiser screening [4,5]. Herein, 
we present a modular droplet-based microfluidic approach for performing high-throughput cytotoxicity screening of 
photosensitizers against microbial organisms. This new method introduces multiple fluidic operations within one high 
throughput screening platform such as large-scale chamber based light irradiation, reinjection and low voltage driven 
electrocoalescence. 
 
DEVICE DESIGN 

Figure 1 shows schematics of the integrated microfluidic platform allowing for the encapsulation of cells and 
photosensitizers in nanolitre sized compartments, simultaneous irradiation of tens of thousands of these droplets, and 
viability scoring of the exposed samples. The cytotoxicity screening workflow consists of three key steps as shown in 
Figure 1. As shown in Figure 1 (a), microdroplets containing cells and photosensitizer are generated and aliquoted into 
large thermoplastic microfluidic chambers (2mm x 4 mm x 200 µm) for light exposure shown in Figure 1 (b). The 
collected droplets are incubated in dark, exposed to light and reinjected into another device for further processing by 
simply pushing droplets with oil. By using these microfluidic chambers for drug treatment, it is possible to incubate and 
expose light on droplets for more than a few hours. Microfluidic chamber devices are fabricated using hard thermoset 
polyester material with large Young’s modulus to avoid expansion of the device material. Thus, droplets can be loaded into 
the device using high flow rates (>40 l/min) and reinjected into another device without significant expansion, e.g. Figure 
1 (c). After light exposure within the chamber structure, droplets are reinjected, merged with viability assay droplets and 
incubated for 30 minutes for cell viability scoring. Parallel chromium-gold electrodes (Figure 1 (d)) with 50 m widths and 
30 m spacings, coated with a 3 m thick spin-coated PDMS layer to prevent inter-droplet contamination, are employed to 
merge droplets. Using this system, droplet electrocoalescence was achieved using a 10V AC electric field whilst 
maintaining a one-to-one droplet fusion ratio. 
 
EXPERIMENTAL 
 E.coli Top10 strain suspensions were used to evaluate Toluidine Blue O (TBO) cytotoxicity. Cells were cultured 
overnight and resuspended in phosphate buffered saline at an optical density of 0.25. SYTO9 and Propidium Iodide (PI) 
were used for all viability scoring experiments. SYTO9 is a green fluorescent dye that is cell membrane permeable while 
PI is a red fluorescent dye which is membrane impermeable. To evaluate the viability assay performance, cells were treated 
with -20°C methanol for 10 minutes and mixed with live cell samples to prepare cell stock solutions containing various 
proportions of dead and live cells. Cells were then mixed with 10µM SYTO9 and 4µM Propidium Iodide and injected into 
microfluidic device for analysis.  A biocompatible fluorinated surfactant dissolved in an FC40 oil phase ensured stable 
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creation of droplets, as previously described by Han and coworkers [6]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic diagram of the microfluidic-based screening workflow consisting of four key steps. (a) Droplet 
Generation. (b) Microfluidic chamber for light exposure. (c) Reinjection of droplets from the chamber. (d) 
Electrocoalescence of droplets for cytotoxicity detection.
 
RESULTS AND DISCUSSION 

In order to screen cytotoxicity of photosensitisers against microbial organisms, it is vital to demonstrate robust 
assay performance. The viability assay (comprising of SYTO-9 and propidium iodide) was successfully characterized in 
both well plate and droplet formats, allowing interrogation of both dead (green and red fluorescence) and live (green 
fluorescence) escherichia coli cells as shown in Figure 2 (a) and (b). A linear increase in the red/green fluorescence signal 
ratio with dead cell proportion was observed for both well plate-based and droplet-based formats. 

The viability assays were then used to evaluate the efficacy of Toluidine Blue O (TBO) against escherichia coli 
cells at a fixed light exposure dose of 180J/cm2.  E.coli cell suspensions were treated in bulk with various concentrations of 
TBO and incubated for thirty minutes in the dark. The treated cell suspensions were then irradiated using bright white 
transmission lamp at a fixed intensity of 180 J/cm2 over 20 minutes. Treated cell suspension samples were then mixed with 
the viability assay components. Cellular emission was detected using confocal fluorescence spectroscopy and compared 
with TBO cytotoxicity screening data originating from conventional colony forming unit measurements under identical 
conditions. Figure 3(a) shows the cytotoxicity screening results using conventional colony forming unit measurements 
where an aliquot (10µl) of treated cell suspensions are plated on a petri dish, cultured overnight and the number of growing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Viability Assay Calibration on (a) micro-wellplate and (b) droplet-based microfluidic platform. 
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Figure 3. The effect of Toluidine Blue O concentration on e.coli cells under a fixed light dose of 180 J/cm2. (a) TBO 
cytotoxicity screening using conventional colony forming unit measurements. (b) TBO cytotoxicity screening using cell 
based fluorescence measurements.  
 
colonies counted for each condition. Figure 3(b) shows the microfluidic TBO cytotoxicity data under identical conditions. 
The variation of red/green ratio as a function of TBO concentration is sigmoidal in nature and closely corresponds to that 
obtained using cfu counting measurements although 30% of the cells in live cell samples were scored as dead in confocal 
fluorescence measurements. Such discrepancies between bulk and microfluidic measurements are due to the fact that cells 
suffer shear stress upon encapsulation into droplets as previously reported [7]. Regardless, the results show a strong 
correlation between the droplet-based microfluidic approach and conventional methods, with similar IC50 values of 1.0 µM 
and 1.2 µM, respectively. 
 
CONCLUSION 
 We have developed robust droplet-based microfluidic modalities for investigating the photodynamic therapy 
efficiency of Toluidine Blue O on E.coli cells. The viability assay performance was calibrated using both well plate and 
microfluidic-based fluorescence detection, with a strong correlation between both methods. In addition, the viability assay 
was used to assess the TBO cytotoxicity on E.coli cells and compared to conventional CFU measurements. 
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DETERMINISTIC SPLITTING OF ELECTROWETTING MICROCHANNELS 
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ABSTRACT 
In digital microfluidics, droplet generation approaches show ~10% variation in droplet volumes. In this work, we 

demonstrate a new approach for splitting sample volumes precisely by gradually ramping down voltage. This allows us to 
eliminate hydrodynamic instabilities responsible for variations in droplet volume. A simple visual method was developed 
for measuring sample volumes created on chip. Our results show that generating and measuring arbitrary sample volumes 
accurately, with <1% variation is possible in electrowetting based devices. This approach can be easily extended to exist-
ing digital microfluidic systems, and can potentially improve the performance applications requiring precise sample me-
tering, such as immunoassays or DNA amplification.

KEYWORDS 
Electrowetting, splitting, fluid dispensing, programmable channels, virtual channels 
 

INTRODUCTION  
Digital microfluidics relies on controlled sample volumes in the form of droplets, yet conventional droplet generation 

approaches show ~10% variation in droplet volumes and are restricted to creating only small volumes [1, 2]. Splitting a 
droplet typically involves abrupt de-activation of an energized electrode and thus de-wetting migration of fluid to the ad-
joining energized electrodes.  Variations in the generated droplet volume have been attributed to hydrodynamic instabili-
ties arising in the splitting region and decrease in volume of the source reservoir. [1]  More precise methods of volume 
control involve feedback loops and require complex signal processing.   
 In this work, for the first time, we demonstrate deterministic splitting of precise sample volumes in electrowetting 
(EWOD) microfluidic devices. We show that instabilities can be eliminated by ramping potential at the splitting electrode 
with a simple open loop system, thus enabling precise control of sample volumes without complex signal processing. We 
recently demonstrated programmable microfluidic channels capable of sustaining pressure driven flows and on-demand 
reconfiguration in an electrowetting-based platform [3, 4]. That work merged the paradigms of digital and continuous mi-
crofluidics for the first time. Now, we incorporate deterministic splitting for generating microfluidic channels or droplets 
of precise volumes (< 1% error). The concept of ramped splitting for dispensing finite sample volumes is a readily adapt-
able and can potentially benefit electrowetting applications requiring accurate sample dispensing. 

 
METHODS 

Devices were fabricated with insulated gold electrodes patterned on a glass substrate. A patterned spacer layer defined 
the height of the channel and the inlet and outlet reservoirs (Fig.1). A “virtual” microchannel was formed over voltage-
activated (70V) insulated electrodes with aqueous fluid (PBS) in an oil-ambient. The electrode at the center formed the 
splitting region and was connected to the power supply through a resistance network for controlling the applied voltage. 

When potential was ramped down, fluid occupying the splitting region migrated to the adjoining voltage-activated 
segments causing them to bulge. This bulging in the fluid segments is accompanied by an increase in the area of cross-
section and a consequent change in the sidewall radius of curvature Rs and apparent bottom contact angle θs (Fig. 2a).  

 
Figure 1: (a) Electrowetting device for demonstrating deterministic splitting. Width and length markers can be used for 
determining volume and position of splitting.  (b) Cross-section of electrowetting device. The voltage applied to the split-
ting electrode is controlled by suitably varying the resistances R1 and R2 connected to it. (c) Virtual microfluidic chan-
nel formation and magnified image of inlet/outlet reservoir patterned in the spacer layer. 
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Figure 2: (a) Splitting and bulging in virtual channels. The projection of the bulge wp can be used to determine the area 
of cross section and volume of the bulged segments. (b) CFD ACE+ model of splitting. Graph shows that deterministic 
splitting is achieved when voltage is gradually ramped.  

When seen from the top the sidewalls of the bulge in the sidewalls appear to be a uniformly advancing front. The projec-
tion of bulge wp can be expressed in terms of Rs and θs. The precise volume of fluid segments of known length created by 
the process of splitting can be calculated by measuring the projection length experimentally and finding the corresponding 
value of the bottom contact angle and the associated area of cross-section. The process of visual volume measurement 
was aided by the width markers lining the channel electrodes (Fig.1). Length markers patterned lining the splitting region 
indicated the position of splitting.  
 Under equilibrium conditions, migration of fluid should be governed by the maintenance of uniform Laplace pressures 
at all regions of the oil-water interface. This implies that fluid migration to either side of the splitting region would be 
proportional to the lengths of the voltage-activated regions. This is consistent with the mechanisms of droplet splitting de-
scribed in literature [1, 5]. However, if voltage is switched off abruptly at the splitting electrode, the fluid volume occupy-
ing this region becomes hydrodynamically unstable without any confining forces to hold it in place. The migration of flu-
id from this region to the adjoining voltage-activated segments becomes unpredictable. The nature of the unpredictability 
lies in the proportion of fluid migrating to either side. This is the cause for deviation in volume of droplets in electro-
wetting digital microfluidic devices.  
 Fluid migration from the splitting region to the adjacently-located existing fluid can be controlled in a more predicta-
ble manner if the voltage applied at the splitting electrode is gradually reduced. This would allow time for mass transfer 
from the splitting region to proceed under near-equilibrium conditions. The excess fluid accommodated at the hydrophilic 
regions on either side causes an equal bulging such that the Laplace pressure is the same at all regions along the oil-
aqueous interface. 
 
RESULTS AND DISCUSSION 

Fluid redistribution from the splitting region is governed by hydrodynamic instabilities. We developed a numerical 
model in CFD-ACE+ (ESI Inc.) to understand and reduce the effects of instabilities (Fig.2b). Our numerical results show 
that fluid redistribution from the splitting region is proportional to the length of the adjoining segments when potential is 
reduced gradually (>120 ms). We successfully demonstrated this experimentally. The experiments involved splitting a 
25mm long fluid segment at the center, over a splitting electrode 3 mm in length. The volume of the entire microchannel 
was 1.12 µL.  In the first set of experiments we gradually ramped down the voltage applied to the splitting electrode by 
changing the resistance of the network through which the splitting electrode was connected. In the later set, the same ex-
periment was repeated by abruptly grounding the splitting electrode. The volume of the split segments on both sides of 
the splitting region was observed in both cases. Under ideal conditions, the volume of the segments on both sides of the 
splitting region should be equal. The volume of both segments was calculated by measuring the projection length of the 
bulge on either side of the splitting region. 
 When voltage was abruptly turned off at the splitting electrode, we observed that the fluid migration to either side of 
the splitting region was unpredictable. The projection lengths on both sides of the splitting region were unequal. A repre-
sentative result is shown in Fig.3, illustrating that most of the volume over the splitting region migrated to one side caus-
ing it to bulge more. In this case, the projection length was ~26 µm on one side and ~5µm on the other. The volume of the 
segment was calculated to be ~0.586 µL, with the volume of the other segment ~0.534 µL.  This is a deviation of +/- 5% 
from the targeted volume of 0.558 µL. Gradually decreasing voltage at the splitting electrode yielded two split fluid seg-
ments of equal volume, as illustrated in Fig. 3b,c. The splitting progressed with the formation of symmetric radii of curva-
ture on the sidewalls over the splitting electrode. Fluid migrated to the adjoining voltage-activated regions causing them 

to bulge. When splitting was completed, the projection length of the bulged segments was measured using the 10 µm  
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Figure 3: (a) Experimental results showing both deterministic and unpredictable splitting at centered electrode. For the 
gradual voltage ramp, a symmetric radius of curvature is observed. (b) The final bulge on both sides is equal (wp ~13.5 
µm) for gradually ramped splitting. Abruptly turning off voltage leads to unequal bulging on two sides.(c) 5 sets of ex-
periments each with ramped splitting (red) and abrupt splitting (blue) are shown. The volume variations from the target 
ranged < 1% for ramped splitting and +/-5% for abrupt splitting.(d) Radius of curvature and minimum width of channel 
at the splitting region during ramped splitting. Gradually reducing voltage from 70V to 30V over 2 seconds. 

width markers patterned on either side. The projection length was found to be ~13.5 µm on either side of the splitting re-
gion yielding a volume of ~ 0.558 µL on either side. The experiments were repeated 5 times and the measurements were 
found to be within 1% maximum variation (Fig. 3c). We also measured the radius of curvature in the splitting region and 
the minimum channel width at the splitting region for all experiments to confirm that the process of splitting proceeds in a 
deterministic manner (Fig. 3d).  

 
CONCLUSIONS 

In summary, for the first time, we demonstrate precise deterministic splitting of volumes in electrowetting, overcoming 
the well-accepted ~10% variability.  Using the ramping strategy described herein, it is possible to generate a wide range 
of sample volumes with improved precision (< 1% error). We envision that this would benefit applications requiring pre-
cise reagent volumes in both droplet and microchannel EWOD platforms.  Ultimately, this work moves us closer to the 
ability of forming EWOD fluid networks ‘on-demand’, which we expect would have a wide range of applications in med-
ical diagnostics, environmental monitoring, and agriculture. 
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ABSTRACT
    We report a new technique to improve signal fidelity for implementing on-chip digital immunoassays running 
on a cell-phone. The assay targets the human immunodeficiency virus (HIV) p24 capsid protein to quantify viral 
load as part of a compact device for point of care (POC) testing. The sample is digitized as water-in-oil droplets and 
integrates advanced techniques utilizing Poisson distributions of target molecules, robust emulsion generation, and 
increasing sensitivity up to previously unachievable levels. 
 
KEYWORDS
Digital ELISA, Water in oil emulsion, Fluorophore stabilization, Wide field of view fluorescence imaging 

 
INTRODUCTION

Recent progress in multi-phase digital microfluidics has opened new horizons for viral load determination 
coupling highly sensitive single-molecule assays to quantified readouts. Sensing by digital PCR which targets and 
amplifies the two viral nucleic acid sequences present per viral particle is currently the most widespread method 
[1,2,3]. Nevertheless improvements in assay sensitivity, dynamic range, and reduced platform size are needed to 
achieve automated portable cost effective devices.  

Alternatives to digital PCR were demonstrated over the last decade targeting more abundant proteins in a 
sandwich enzyme-linked immunosorbent assay (ELISA) [4]. From this perspective and according to the current 
clinical assay [5], we have developed an optimized on-chip digital readout platform towards HIV p24 capsid protein 
sensing which integrates a reproducible water-in-oil emulsion generation, a rapid and stable signal amplification and 
a cell-phone based cost effective portable fluorescent imaging system. 
 
EXPERIMENTAL 

As presented, our device targets more abundant HIV p24 capsid protein in a sandwich ELISA (Fig.1a). At low 
protein concentration, one target protein is associated to one 10µm magnetic microparticle (MμP). Using MμPs 
allows simple magnetic catch-and-release of the particles and improves on-chip conjugation efficiency. Target 
protein capture is then reported from each droplet with p24-bound MµPs by the horseradish peroxidase (HRP) 
enzyme conjugated to a secondary antibody. In the presence of Amplex UltraRed fluorogenic substrate (a resorufin 
derivative), HRP produces a strong fluorescent signal. Conjugated antibodies against p24 were purchased from 
ViroStat Inc. (USA), synthetic p24 core protein was purchased from ProSpec-Tany TechnoGene Ltd (IL), 
streptavidin-coated MµPs were purchased from Corpuscular Inc. (USA), Amplex Ultra Red substrate was purchased 
from Life Technologies Corp. (USA). Digitization is achieved by encapsulating the MμPs in water-in-oil droplets 
(Fig. 1b). 

 
Figure 1. (a) On-MµP sandwich ELISA of the p24 antigen using a HRP enzyme conjugated to the second antibody 
for reporting a successful capture. (b) The conjugated MµPs are washed and then injected and mixed with the 
enzyme fluorogenic substrate prior to being encapsulated as a water-in-oil emulsion. The droplets are then stored 
and the signal is amplified in the droplet population according to the initial antigen concentration.
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 The microfluidic chip was fabricated by using standard 
photolithography and polydimethylsiloxane (PDMS) replica molding 
protocols. SU-8 was spun at 3000 rpm to produce a 51µm thick layer 
on a 4’’ silicon wafer. The three phases were injected at constant flow 
rate using standard syringe pumps (Harvard apparatus, USA).  

The droplets are collected downstream in a massively parallel two 
dimensional array of traps to be imaged. Due to the dense storage of 
the droplets in the 2-dimensional parallel array, the emulsion was 
stabilized using a 10% (w/w) surfactant mixture of span80 and 
tween80 dissolved in mineral oil.  

Inertial ordering of ELISA particles prior to droplet generation 
ensures each droplet contains one particle, allowing Poisson statistics 
to be employed to analyze sample readout (adapted from [6]). This 
greatly simplifies detection using a POC-type device, and negates the 
need for high sensitivity and resolution imaging systems.  

Readout fluorophores are generally amphipathic, resulting in poor 
signal stability with water-in-oil digital systems. We have overcome 
this previously fundamental limitation with the addition of sucrose in 
the aqueous phase, significantly conserving the signal stability. The 
fluorophore leakage was quantified on-chip from the droplet signal 
intensities in chambers with different sucrose dilutions to identify a 
relevant concentration. This technique significantly improves signal 
fidelity for generating and imaging droplets.  

Finally, we increased the dynamic range of concentrations that can be detected by imaging over a large field of 
view using a variant of cell-phone based fluorescence imaging adapted from previous work [7]. This cost effective 
and portable imaging device has a low cost lens and using plastic color filters enables future multiplexing 
possibilities. The imager is directly mounted on a cell-phone camera or on a webcam and is well adapted for POC 
testing or telemedicine applications. 
 
RESULTS AND DISCUSSION 

In order to avoid any nonspecific binding observed from the conjugated antibodies, the platform was first 
calibrated by conjugating biotinylated HRP directly on the streptavidin coated MµPs using a 5-orders of magnitude 
serial dilution of the enzyme. Ordering of the conjugated particles was obtained at a flow rate of 12µl/min (Fig. 2a). 
Reproducible, stable, monodisperse droplets of 40µm were generated at a production rate of 1 kHz (Fig. 2b). Around 
15’000 droplets were stored in the massively parallel 2-dimensional array and efficiently stabilized by the surfactant 
presence. 

As a primary observation, it appeared that the readout fluorophore produced by the HRP turnover had a higher 
stability in the oil phase and immediately leaked out of the droplets inducing a bright surrounding environment and 
an intensity decrease of more than 80% in the positive droplets. This problem was overcome by incorporating 25% 
(w/v) of sucrose in the aqueous phase. Indeed, this leakage phenomenon is observed with our system in the presence 
of surfactant (Fig. 3a), and seems to result from an interaction of the fluorophore with the surfactant at the droplet 
interface. The addition of sucrose allowed for conservation of more than 90% of the signal (Fig. 3b). 

  
Figure 3. (a) On-chip intensity-based quantitative assay of the resorufin fluorophore stability in mineral oil. Aqueous 

droplets containing the fluorophore were compartmentalized by oil in lateral chambers. In the presence of surfactant 

the fluorophore leaked out of the droplets into the oil phase (white arrows). With the addition of sucrose, the 

fluorophore leakage was highly reduced. (b) The droplet intensity measurements showed that in the presence of 

surfactant, the addition of sucrose preserves 90% of the signal whereas more than 80% of the signal was lost in the 

standard case.  

Figure 2. (a) The conjugated MµPs are 
ordered by inertial focusing in high 
aspect ratio channel. (b) the conjugated 
MµPs are single encapsulated at a flow 
focusing junction. 
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Thereby, the signal was stably conserved inside a positive droplet during the substrate turnover period of time, 
enabling discrimination and counting of the number of encapsulated single particles and the corresponding number 
of positive droplets (Fig. 4a).  

Finally, all the droplets stored in the massively parallel array were imaged using a variant of cell-phone based 
fluorescent imaging. This cost effective and portable imaging device showed a resolution of ~10μm (Fig. 4b) and 
had a wide field-of-view of 1cm2. The sensitivity and the dynamic range can be improved as the complete 
2-dimentional array is imaged in one picture and all chambers in the array are successively reloaded with new 
droplets. Currently, the digital level is observed at a theoretical conjugated concentration of 1000 enzyme per MµP. 
Obviously, the conjugation efficiency and the enzyme activity have to be assumed lower than 100% and future 
developments of the platform will be focused in improving the sensitivity of the sandwich ELISA.  

 
Figure 4. (a) Superposed bright-field, red and green fluorescence pictures in a time lapse imaging sequence. With the 

addition of sucrose, positive droplets showed stable signal amplification. A FITC coating of the MµPs improved the 

particle tracking in the droplet population. (b) After a digital zoom in, the cell-phone based fluorescence imaging 

resolution macthed with a standard microscope 10x objective. 

 

CONCLUSION 
Here we have demonstrated the assembling of a digital readout portable and cost effective platform for viral load 

sensing through a sandwich enzyme-linked immunosorbent assay running on a cell-phone. Previously, one of the 
most promising techniques to stabilize digitization used fluorinated oil, requiring complex surfactant synthesis as 
well as high flow rates in droplet generation and screening. The presented resorufin fluorophore stabilization by the 
addition of sucrose provides signal fidelity improvement as our approach enables now a variety of emulsion 
handling, on-chip storage and screening possibilities at lower costs and with better availability.  
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ON-CHIP BLADE FOR ACCURATE SPLITTING OF DROPLETS  
IN LIGHT-ACTUATED DIGITAL MICROFLUIDICS 
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ABSTRACT 
We report on a new technique to slice droplets with integrated “Teflon blades” in the light-actuated digital 

microfluidic platforms. The droplet splitting ratio (10% to 90%) can be accurately controlled by the blade 
position. Uniform droplet generation (75.2nL with 2% variation) has been demonstrated by repeatedly slicing an 
elongated mother droplet. Additionally, by applying this technique to a concentrated sample of food dye in 
droplet, a 5-step serial dilution with consistent sample dilution factor of 6x, and total dilution factor of 65 = 7776, 
has been achieved.  
 
KEYWORDS: electrowetting, optoelectrowetting, digital microfluidics, droplet microfluidics, EWOD  

INTRODUCTION 
Digital microfluidics has been an exciting development in the past decade with many promising applications 

ranging from drug discovery to electronic cooling. Traditional digital microfluidics uses array of electrodes to 
transport droplets [1, 2]. Recently, we reported on a light-actuated digital microfluidics device [3, 4], which 
replaces the physically patterned electrodes in the traditional device with a continuous film of photoconductor. 
“Virtual” electrodes are created on the device surface when optical patterns are shone on the device. With this 
methodology, real-time, parallel droplet control can occur without the need for complex electrode addressing 
schemes. 

 
Splitting droplet is an integral operation for digital microfluidics as it is required for both drawing droplets 

from reservoirs and controlling droplet volume in multi-step assays, titration, and multiplexing bioassays. 
Current droplet splitting method relies on hydrodynamic instability as a droplet is pulled by two opposing 
electrowetting electrodes [2]. It is inaccurate because the break point of the unstable neck is unpredictable. The 
splitting ratio is also limited by electrode size and is constrained to roughly two equal daughter droplets. 
Improving droplet dispensing accuracy from a reservoir is possible but requires a capacitance measurement and 
feedback control system [5, 6]. In this paper, we report on a novel technique to controllably and accurately slice 
droplets with integrated “Teflon blades” in the light-actuated digital microfluidic platforms.  

 
THEORY 

The schematic of the Teflon blade and the droplet slicing process is illustrated in Fig. 1. The Teflon blade is 
integrated in light-actuated digital microfluidic (LADM) device. The principle and operation of LADM has been 
described in [4]. The Teflon blade (3.5mm long, 400µm wide, and 130µm tall) is sandwiched between a top 
indium-tin-oxide (ITO) and a bottom opto-electrowetting electrodes (Fig. 1c). The blade has a sharp wedge with 
an angle of 55. To slice a droplet, the droplet is first elongated by a rectangular light pattern, and then moved 
towards the blade at the desired cutting location. As the elongated droplet moves across the blade, it is 
effectively “sliced” into two droplets. Because the blade introduces perturbation at a specific location of the 
droplet, it minimizes instability and unpredictability in the breaking process, resulting in a more accurate and 
controlled split. 

 
EXPERIMENT 

The device is depicted in Fig. 1c. The device consists of an ITO (300 nm) coated glass substrate, a 1 μm thick 
photoconductive a-Si:H layer deposited via PECVD (Oxford Plasmalab 80plus), a 100 nm film of Al2O3 
deposited by ALD (Picosun Sunale R150) and a 25 nm film of spin coated 0.2% Teflon (3000 rpm, 30 s). The 
top substrate is formed from another Teflon-coated ITO glass wafer. The entire fabrication process does not 
require any photolithographic steps. The two substrates are then placed on top of one another separated by a 
spacer layer of double-sided tape (100μm) forming the microfluidic manipulation chamber. 

 
Device bias is applied between the two ITO layers (10-40 Vppk, 1-500 kHz) (Agilent 33220A). Optical 

patterns are generated by a commercial data projector (Dell 4210X) controlled by an external computer and 
focused onto the device using a 1:1 telescope. Viewing occurs through a continuous zoom lens system (Navitar 
12X) connected to a CCD camera (Sony XCD-X710CR).  

 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  341



 

 
(b) Top view 

 

 
(c) Cross section along AA’ 

Fig. 1 (a) Schematic illustrating droplet slicing with 
integrated Teflon blade on light-actuated digital microfluidic 
platform. (b) Top view. (c) Cross section along AA’. The 
droplet is first elongated by a rectangular light pattern. It is 
sliced into two droplets as it moves across a Teflon blade. The 
break point of the droplet is precisely defined by the position 
of the blade, leading to accurate control of droplet splitting 
ratio and volume.  

RESULTS AND DISCUSSION 
The volumes of the daughter droplets depend on the position of the blade. Figure 2 shows the captured video 

images of slicing an elongated 600nL droplet into two equal (300nL + 300nL) and unequal (120nL + 480nL) 
droplets. The droplet splitting ratio can be accurately controlled by the blade position. Figure 3 shows the 
fractional volume of a daughter droplet versus the blade position for a 600nL mother droplet. The volume varies 
linearly with the blade position, and agrees well with the theoretical prediction. The theory assumes a linear cut 
through the droplet at the tip of the blade. The good agreement attests the accuracy and predictability of the 
droplet cutting process by the blade. Daughter droplets with volumes of 10% to 90% have been obtained by 
varying the blade position. 

  
Fig. 2 Video clips illustrating droplet slicing by a blade. A 
600nL droplet is stretched into a bar and moved towards the 
Teflon blade. (Top) Splitting into two equal droplets of 
300nL. (Bottom) Splitting into two droplets of 120nL and 
480nL. 

Fig. 3 Fractional volume of the daughter droplet versus the 
position of the blade along the mother droplet for a 600nL 
droplet. The volume varies linearly with the blade position, 
and agrees well with theoretical prediction.  

 
Fig. 4 Droplet array created by slicing a 600nL droplet 7 times, resulting in 8 droplets of 75nL each. The standard deviation 
of the droplets is 1.6nL (2%).  
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As another demonstration of the controllability of the droplet cutting process, a 602nL droplet is sliced 8 
times to create 8 equal droplets, as shown in Fig. 4. The volumes of the 8 daughter droplets are measured to be 
75.2nL, with a standard deviation of 1.6nL or 2%.  

 
Serial dilution is an integral part of many analytical applications such as multi-step assays and titration. In 

this demonstration, a 360nL droplet (droplet 1 in Fig. 5) loaded with blue food dye is elongated and split by the 
blade into two droplets with ratio 5:1, the smaller split droplet (60nL) is merged with another water droplet of 
300nL to form droplet 2, the merged droplet is rapidly mixed by rolling across the device surface [7]. Droplet 2 
then undergoes 5:1 splitting using the blade and this serial dilution process is repeated such that 6 droplets are 
formed with progressive sample dilution of 6x, and total dilution factor of 65 = 7776 (Fig. 5). Transmission of 
red light through these droplets has been measured and the percentage transmission is presented in Fig. 6. A 
theoretical curve based on Beer-Lambert law is plotted for comparison, with molar absorptivity of 
1.3x106M-1cm-1, initial dye particle concentration of 0.1M and absorption length of 100μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSION 
In this report, we investigated the use of integrated “Teflon blades” in the light-actuated digital microfluidic 

device. Using this technique, droplets can be split accurately and arbitrarily in volume ratios ranging from 10% 
to 90%. In addition, uniform droplet generation and serial dilution has been demonstrated. The on chip blade will 
be an important step towards applying digital microfluidics for quantitative chemical and biological analysis, 
with applications such as multiplexing bioassays and titration. 
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Fig. 5 Light micrograph of 300 nL droplets after serial 
dilution. Droplet 1, loaded with blue food dye, is split 5:1 
and the smaller split droplet (60 nL) is merged with another 
water droplet of 300 nL to form droplet 2. The serial 
dilution process is repeated such that 6 droplets are formed. 

Fig. 6 Percentage transmission of light through the 6 
droplets numbered in Fig 5, with droplet 1 being most 
concentrated with dye particles (0.1M) and subsequent 
droplets serially dilution by 6x. Theoretical comparison 
based on Beer-Lambert law is plotted for reference. 
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WIRELESS EWOD (ELECTROWETTING-ON-DIELECTRIC) DEVICE  
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ABSTRACT 

This paper describes development and experimental verifications of wireless powering for EWOD microfluidics. First, 
the wireless powering is achieved by planar PCB coils (not by bulky, spool-type, conventional coils), resulting in 
seamless integration with EWOD array electrodes on a single and compact chip. Second, the obtained voltage for 
wireless EWOD is over 230Vrms, much higher than typically required EWOD voltages. Finally, the amplitude modulation 
(AM) technique is applied to the present wireless powering in order to oscillate droplets and thus minimize adverse 
effects of friction (contact angle hysteresis) on lateral transportation of droplets. These accomplishments would facilitate 
remote application of EWOD microfluidics to hard-to-reach areas (e.g., implantable EWOD microfluidics powered by an 
external source). 
 
KEYWORDS 
Digital microfluidics, implantable devices, amplitude modulation. 
 
INTRODUCTION 

Droplet-based microfluidics operated by EWOD on an array 
of electrodes is one of the promising methods for liquid droplets 
actuation. Due to its simplicity and versatility, droplet-based 
microfluidics has been spawned diverse applications including 
digital lab-on-a-chip, liquid lens, optical display, etc. [1-3] 
Especially, EWOD enables tiny droplets to be handled on the 
discrete arrays of electrodes with applications of analytical 
devices or routine laboratory processing. Up to date, however, 
most applications have been operated by wired powering, even 
though EWOD systems are seeking applications in which the 
systems need to be isolated and employed in hard-to-reach areas 
and remotely powered such as implantable devices. Therefore, 
wireless powering of EWOD system and integrating the 
powering scheme with EWOD devices are of paramount 
importance.  

Mita et al first showed wireless EWOD using commercial 
spool-type coils. [4] The attained voltage was about 15V in 
limited conditions. Recently, our group presented wireless 
EWOD in a wide range of operating conditions using spool-type coils. [5] The wireless powering was achieved by 
magnetic induction between transmitter and receiver coils. Due to difficulty in microfabrication of spool type coils and 
their monolithic integration with EWOD devices planar type coils are more preferred, especially at the receivers that are 
eventually implanted. To our best knowledge, 
wireless EWOD using planar coils has never 
reported. Fig.1 shows the schematic of a wireless 
EWOD chip whose receiver is made of planar coils. 
The wireless powering is based on 
electromagnetism that interchanges energy from 
transmitters to receivers. The current flowing 
through the transmitter creates a magnetic field that 
induces a voltage in the receiver. The overall 
configuration is similar to that of the commercial 
transformer, but the main difference is that there 
exists an air gap between the primary and 
secondary coils and the secondary coils (receivers) 
are patterned on a PCB board.  

This paper describes fabrication and testing of 
integrated wireless EWOD devices and shows that 
the wirelessly attainable voltage at the receiver is 
high enough for droplet actuation. Experiments are 
carried out to measure the voltage at the receiver 
and the contact angle of the droplet while the 
EWOD chip is wirelessly powered. Finally, it is 

Figure 1. Integrated planar receivers with EWOD 
array electrodes on PCB (upper plate, 
7.5×6×0.15 cm3). Each receiver coil has a 
rectangular shape (outer dimension < 2.3 cm) 
and center-to-center aligned with spool type 
transmitter coils (bottom). 

 

Figure 2. Microfabrication process of wireless EWOD device: 
(a) Cu layer (15 µm) on top of 1.5 mm of PCB; (b) patterning 
of receiver coils (width 50 µm and spacing 70 µm) and EWOD 
electrodes; (c) depositing of 3.1 µm parylene layer; (d) coating 
of hydrophobic Teflon layer; (e) photo of microfabricated 
wireless EWOD chip. (f) ITO cover glass coated with Teflon 
for ground electrode. 
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demonstrated that a droplet can be oscillated 
and laterally transported by an 
amplitude-modulated (AM) wireless signal.  
 
PLANAR WIRELESS EWOD DEVICE 
AND CIRCUIT PREPARATION  

The wireless EWOD device including four 
planar receiver coils (outer diameter is 2.3 cm) 
and EWOD electrodes (1.2 × 1.2 mm2 square 
type, 15 µm thick Cu layer) is fabricated 
simultaneously from PCB using 
photolithography. The overall fabrication 
process is illustrated in Fig.2 (a~d). Fig.2 (e) 
shows a photo of the fabricated device (7.5 × 6 
× 0.15 cm3) after completion of all fabrication 
process. The inductance of the receiver coil 
(42~50 turns) measured is in the range of 
23~42 µH.

An equivalent electric circuit in wireless 
powering is shown in Fig.3 (a). Fig.3 (b) 
shows the induced voltage at the receiver vs. 
the transmitting frequency. The maximum 
voltage obtained is 237 Vrms at 2.6 MHz when 
a droplet is not loaded. Fig.3 (c) shows effects 
of the separation distance between the 
transmitter and receiver on the voltage at the 
receiver.  
 
EXPERIMENTS 

With a 5 µl sessile droplet (σ = 1413 µS/cm 
measured at 22.9oC by Orion 3-Star pH meter) loaded 
at the receiver, the change in the contact angle is 
measured (Fig. 4) at 1.75 MHz of the wirelessly 
transmitted signal. The parylene (3.1 µm) and Teflon 
(0.9 µm) coated on Si wafer cleaved in small piece is 
used for this experiment. The initial contact angle 
measured is 119o. As the voltage at the receiver is 
increased, the contact angle is monotonically decreased 
and finally saturated at ~78o. Figure 4(a) shows the 
results together with comparison with the 
Lippmann-Young equation. As the voltage increases, 
the contact angle decreases. The minimum contact 
angle (saturation) was observed at 78o (Δ41o) when 
overall voltage was 217 Vrms and no further contact 
angle change was observed even at the higher voltage 
beyond 217 Vrms. The discrepancy between the equation 
and experimental data is due to the voltage drop across 
the droplet since the frequency is high. 

In order to overcome the friction during droplet transportation, it is common that oscillation (<1 kHz) is introduced to 
a droplet by using an AC-signal. From the wireless circuit set-up and contact angle experiments, it is confirmed that we 
can obtain high voltages to achieve the significant contact angle change at the high transmitting frequency (few MHz 
range). However, it is not confirmed whether a droplet can be oscillated at low frequency by wireless EWOD. Since the 
present transmitting frequency (MHz range) is too high for droplet oscillation, we amplitude-modulate the transmitting 
signal with an envelope of low frequency (< 1 kHz). Fig.5 (a) shows the overlaid droplet oscillation at the envelope 
frequency of 100 Hz while the transmission frequency is still high at 1.75 MHz. The AM signal obtained at the receiver 
is also shown in Fig.5 (b). 

Finally, we demonstrated a droplet transportation using the amplitude modulated signal of 10 Hz with carrier 
frequency of 1.75 MHz. Figure 6 (a) shows sequential motions of the droplet (2.5 µl in volume) being laterally 
transported one step left. Sequential activations of the arrayed electrodes generate step-by-step motions in the droplet. 
We could clearly observe that the droplet oscillated at 10 Hz while in transportation. When the electrodes were activated, 

Figure 3. (a) Equivalent electric circuit using magnetic induction. 
The EWOD part (dielectric Cd including a droplet, Cw and Rw) is 
connected to the receiver coil in parallel. Lt and Ct is the 
inductance and capacitance of the transmitter, Lr and Cp is the 
inductance and parasitic capacitance of the receiver. (b) Induced 
voltage at the receiver without droplet vs. the transmitting 
frequency. (c) Separation distance between (transmitter and planar 
receiver coils) on the induced voltage at the receiver (frequency = 
2.6 MHz. 

Figure 4. Measurement of 5 µl NaCl (σ = 1413 µS/cm) 
droplet contact angle vs. voltage in the receiver 
wirelessly transmitted at 1.75 MHz. The theoretical 
(solid) line is obtained from Lippmann-Young equation. 
The initial contact angle is 119o and the contact angle is 
78o when overall Vrms= 217 V. The contact angle 
saturation was observed at 78o. Note that (b) shows 
droplet shapes at the corresponding contact angles. 
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the droplet repeatedly expanded and contracted during transportation. Note that the droplet outline is blurred due to 
oscillation.  

 

CONCLUSIONS 
 

We developed wireless EWOD actuations based on the inductive coupling by using planar type coils. We achieved 
voltages as high as 230V at the receiver, which are sufficient to drive EWOD microfluidics. We also confirmed that the 
contact angle in the droplet is lowered down to 78o (~ 40o change). Furthermore, by introducing amplitude modulation, 
we could oscillate the droplet at low frequency (< 1 KHz). Finally, by integrating the EWOD electrode array with the 
wireless powering, we accomplished lateral transportation of droplet.  
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Figure 6. (a) Snapshots of NaCl droplet (2.5 µl) 
transportation (one-step left) by shifting application of 
wirelessly transmitted signal from one electrode to 
another. The driving signal is AM as shown in Fig. 5 
(except the envelope frequency = 10 Hz). (b) 
Cross-sectional view of droplet transportation 
configuration.  

 

Figure 5. (a) Overlaid high-speed camera images of 
droplet oscillation; 5 µl NaCl (σ = 1413 µS/cm) 
droplet oscillation is synchronized with the envelope 
frequency. (b) AM signal is wirelessly transmitted to 
the EWOD electrode to oscillate the droplet. The 
signal is measured at the receiver. The envelope 
frequency is 100 Hz, and the carrier frequency is 
1.75 MHz. 
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ABSTRACT 
    We propose on-chip procedures for magnetic particle-based assay in droplets in which excess reagents are removed 
more than a factor of 1/16 by extracting the magnetic particles into a washing buffer droplet, applying a magnetic field 
from a permanent magnet. For proof of concept, it is demonstrated to perform immunoassay between streptavidin 
conjugated on the surface of the magnetic particles and biotin labeled with fluorescence. We expect that by varying the 
surface functionality of the magnetic particles, the proposed method could be used to perform many useful and analytical 
immunoassay researches in the continuous flow droplet-based microfluidic platform. 
 
KEYWORDS 
Droplet, Magnetic particle-based assay, Continuous flow, Washing  

 
INTRODUCTION 

Droplet-based microfluidic platform is a promising technology in biological assays because it serves as a 
micro-reactor for ultralow volume studies of biological and chemical reactions [1]. However, this technology has a 
limitation that it is very difficult to wash excess reagents from the micro-reactors. The inability to perform washing steps 
in droplets limits to multi-step reaction processes and homogeneous assay [2]. In our previous work, we demonstrated a 
magnetic particle manipulation in a droplet-based platform without a washing step [3]. To overcome this technical 
challenge, we present a novel method to remove excess reagents in a droplet-based microfluidic device, performing 
biological reactions on the surface of magnetic particles.  

 
PRINCIPLE 

In this device, three major functions (synchronization, electrocoalescence, and magnetic particle manipulation) were 
integrated (Fig. 1). Two kinds of droplets were generated by injecting (1) washing buffer and (2) reagents co-infused with 
streptavidin-coated magnetic particles and fluorescently-labeled biotin. The synchronization of droplets was achieved by 
a cross-flow of carrier oil between a top and a bottom channel by a pressure difference through a ladder network [4]. By 
incorporating ITO (300 nm) as electrodes on a glass substrate, the synchronized droplets were successfully merged to 
perform the washing step. Once merged by electrostatic force, the magnetic particles conjugated with the biotin were 
extracted toward the washing buffer droplet by an externally applied magnetic field, leaving the excess reagents behind. 
Subsequently, the merged droplets were split into two at a Y-junction: one with the majority of magnetic particles and the 
other with unbound biotin.  

4. Electrocoalescence
5. Separation
6. Splitting 
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2. Mixing 3. Synchronization

200 μm

240 μm
400 μm

200 μm

30 μm

50 μm

Electrode (ITO) Magnet

Buffer

Biotin Magnetic particles Asymmetric splitting by 
channel resistance

Unbound biotin

Separated Magnetic 
particles

1. Generation

Junction 2
(for functionalized 
magnetic particles
+ biotin)

Outlet  2

Outlet  1

Electrode

Magnet

 

Figure 1: Working principle for on-chip magnetic particle-based assay in droplets. Once two droplets are merged by 
electrostatic force, the magnetic particles are separated toward the washing buffer droplet.  

 
EXPERIMENT 

The mineral oil (M8410, Sigma-Aldrich) was used as the immiscible phase and 2% nonionic surfactant (span-80, 
S6760, Sigma-Aldrich) was added into the mineral oil to prevent accidental coalescence. The channels were treated with 
a commercial surface coating agent (Aquapel, 47100, Pittsburgh Glass Works, PA, USA) to enhance hydrophobicity. The 
concentration of fluorescently labeled biotin (biotin-4-fluorescein, Molecular Probes, Invitrogen) was 2.5 μg/mL. The 
magnetic beads (2.8 μm diameter, Dynabeads M-270 streptavidin, Invitrogen) were diluted in deionized water. The biotin 
and magnetic particles were then co-infused into the junction 2 to generate the droplets and they were then completely 
mixed by a meander-shape channel with short turns to enhance mixing efficiency. The washing buffer droplets were also 
generated to extract the magnetic particles after the electrocoalescence. The voltage (500 VAC) was supplied to generate 
the electrical field through ITO electrodes. The magnetic fields were generated by a rectangular neodymium-iron-boron 
magnet (12.7 × 3.2 × 3.2 mm3, Emovendo Magnets & Elements, Petersburg, WV, USA). The fabricated microfluidic 
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Figure 3: The intensity 
distribution of droplets before 
and after electrocoalescence. The 
image analysis was used to 
estimate the concentration of 
biotin with fluorescence label 
(Cinitial) emitted from droplet and 
washing buffer droplet (Cfinal). 
The unbound excess biotin was 
significantly removed more than 
a factor of 1/16. The image 
inserted shows the intensity 
difference emitted before and 
after electrocoalescence.  
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device was connected through a silicone tube to a syringe pump (KDS100W, Fisher Scientific, IL, USA). All 
experimental results were captured by a CCD camera mounted on a Nikon stereo-type microscope.  

Table 1 Flow rate conditions to generate the washing buffer droplet at the junction 1 and droplet co-infused with 
magnetic particles and biotin at the junction 2.  

 
Flow rate condition Flow focusing junction 1

oil (μl/h-1) water (μl/h-1) oil (μl/h-1) water (μl/h-1) water (μl/h-1) 
A 35 10 35 5 5
B 35 20 35 10 10
C 35 30 35 15 15
D 35 40 35 20 20
E 35 60 35 30 30
F 35 80 35 40 40

Flow focusing junction 2

 
 

RESULT/DISCUSSION 
For the stable droplet synchronization and electrocoalescence, we investigated the diameter of droplets by controlling 

flow rate ratio (Qratio=Qoil/Qwater) using conditions listed in Table 1. Fig. 2(a) represents the diameter of droplets as a 
function of flow rate ratio. When the flow rate ratio is low (case F), accidental electrocoalescence was generated as they 
get close with their vicinity, which led to unstable electrocoalescence. When it is high (case A), they could not get touch 
each other because of the small size of droplets. For these reason, it is significantly critical to control the size of droplet 
to perform the synchronization and electrocoalescence. Our optimized experiment condition of flow rates was Qratio = 
0.58 (case C). Fig. 2(b) represents the electrocoalescence efficiency according to the flow rate ratio: the efficiency is 
defined as the number merged droplets over total number of generated droplets. The maximum efficiency was 94.3% 
(case C). It should be noted that the unmerged droplets were caused only due to the difference of droplet generation 
frequency at each junction. We used image analysis to determine the intensity of fluorescence emitted by the droplet 
before and after electrocoalescence. The intensity of droplet initially containing fluorescence of biotin (Cinitial) was 
compared with that of washing buffer droplet (Cfinal) after splitting of droplets (Fig. 3). As a result, the excess reagents 
were significantly removed more than a factor of 1/16 while the magnetic particles were extracted into the washing 
buffer droplet.  

  
 

 
 

 
 
 
 
 
 
 
 
 

 

Figure 2: (a) The diameter of 
droplets as a function of flow 
rate ratio: the arrow indicates 
optimal operating condition for 
experimental. The average 
diameter of droplets was varied, 
ranging from 173.1 μm to 368.3 
μm. (b) The electrocoalescence 
efficiency as a function of flow 
rate ratio: In the case A, the 
droplets were not merged due to 
the small size of droplets.   
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Figure 5: Experimental results for magnetic 
particle-based assay in the droplets. The arrows 
indicate separated magnetic particles. The scale is 
200 μm.  

 

Figure 4: The movement of magnetic particles by 
externally applied magnetic field. The scale is 200 μm.  

 

Fig. 4 shows the sequential photographs of the magnetic particle manipulation in the droplets to separate the magnetic 
particles in the washing buffer droplets. In order to perform the synchronization of the two droplets coming from the 
bottom and top channel, the ladder network channel was used: existing pressure difference between the two main 
channels by the droplet flowing can enable the carrier oil to flow through the interconnection channel until the pressure 
in each main channel is balanced automatically, resulting in the creation of the synchronized droplets. Once the two 
droplets synchronized were merged by the electric field which can lead to destabilization of the surface of the droplets to 
be easily merged, the magnetic particles were moved into washing buffer droplets, leaving behind the unbound biotin [5]. 
Subsequently, the merged droplets for a while were split into two daughter droplets at the Y-shape channel geometry: one 
containing the majority of magnetic particles in the buffer droplets and the other containing the excess biotin. The 
experimental results for on-chip magnetic particle-based assay were summarized in Fig. 5. The optimized condition (case 
C) was used to generate the droplets at the junction 1 and 2. Sequentially, the mixing, synchronization, elecrocoalescence, 
separation and splitting were performed as mentioned above. At the outlet 1, the washing buffer droplets with magnetic 
particles were collected, resulting in almost devoid of the unbound biotin with the streptavidin coated on the magnetic 
particles as shown in the fluorescent image. At the outlet 2, the droplets containing the excess biotin were collected to be 
discarded.     
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CONCLUSION 

We have demonstrated on-chip procedures for magnetic particle-based assay in the droplet microfluidic platform, 
including washing step to isolate the magnetic particles in the buffer droplets after the binding between 
streptavidin-coated magnetic beads and biotin labeled with fluorescence.  
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DROPLET-TRAIN SPR MICROCHIP FOR LABEL-FREE DETECTION 
OF BIO-INTERACTION USING NANOLITERS OF DRUG SAMPLE 
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ABSTRACT 
    We demonstrate a new Droplet-Train SPR technique for label-free detection and quantification of 
bio-interactions on fixed volumes of samples. Bio-samples are first discretized within ~100 nL plug droplets 
separated by an immiscible phase. The plugs are sequentially transported onto SPR sensing sites within a 
surface-modified PDMS microchip. The measured kinetic constants ka and kd for the model protein-drug interaction 
are 8.33×103 1/M-s and 4.58×10-2 1/s, matching well with previous reports.  
 
KEYWORDS 
Teflon-coated PDMS, Surface Plasmon Resonance, Droplets  

 
INTRODUCTION 

Over the last few decades, pharmaceutical industry has employed Surface Plasmon Resonance (SPR) as a viable 
real-time label free technology for drug discovery. Most conventional SPR step response [1] and other detection 
schemes [2-4] utilize continuous flow schemes that consume a substantial volume of bio-samples ranging from few 
micro-liters to few milliliters resulting in high detection costs. While in some cases the continuous-flow of sample is 
needed to eliminate transport limited reactions, in many cases the sample consumption can be reduced by 
confinement of sample into plugs. Using short discrete solution plugs while employing conventional step-response 
method for extracting reaction constants is potentially a fast, inexpensive and more accurate technique for label-free 
high throughput drug screening. The dual-slope continuous flow SPR technique [4] is an example of such scheme 
where mixing of reaction plugs (buffer, analyte, regeneration) is minimized through a careful choice of channel 
dimensions, flow velocities and plug volumes. Recently Chen et al [5-7] demonstrated that singulated drug plugs 
separated by an immiscible oil phase can be manipulated to deliver the drug compound to surface immobilized cells. 
Therefore this suggests that a similar technique can be used to separate plugs while delivering different compounds 
to a reacting SPR surface. In this paper, we report the fabrication and implementation of a Droplet-Train SPR 
Microchip where discrete reactant droplets are isolated by an inert gas phase and transported to SPR sensing sites.  

 
DROPLET-TRAIN SPR METHOD  

Fig. 1 shows the basic principle 
of droplet-train technique. Unlike 
other SPR schemes, solution 
samples are first loaded as discrete 
droplet plugs separated by an 
immiscible inert phase. In our chip 
we use an inert gas as the 
separating phase as it was 
determined that the delicate 
chemistry of the functionalized 
SPR surface was adversely affected 
by oil exposure, but it remained 
intact when exposed to a gas. In 
order to assure complete droplet 
separation, the implementation of 
the chip requires both hydrophobic 
surfaces on the channel walls and 
hydrophilic SPR gold spots. When these plugs are transported to the Au sensing functionalized spot, brief association 
and dissociation reactions occur for analyte and buffer plugs respectively. The alternate air and solution plugs are 
transported sequentially over the gold spots to the output storage reservoir. The plug volume ranges between 80-200 
nL. Kinetic constants are then measured using conventional step response curve fitting of observed droplet 
sensorgrams [1,2].  

 
TEFLON-COATED PDMS MICROCHIP IMPLEMENTATION 

Fig. 2 shows the schematic of a droplet-train SPR Microchip implementing a dual (sense + reference) chamber 
arrangement. Each of its chambers has four pressure driven load sources connected to buffer, analyte, regeneration 
and a heterogeneous separation phase (air) respectively and two outputs, all connected to flow channels. Flow of 
each of these solution sources is controlled by a set of microvalves. The chip microchannels are lined with 
functionalized SPR sensing and reference spots in order to record sensorgrams.  Fig. 3 shows a photograph of the  

 

Fig. 1: Schematic of droplet-train SPR microchip scheme. The chip consists of two 
channel reservoirs where analyte and buffer are separated into plugs by an 
immiscible inert phase (air). First alternating plugs are loaded in the input reservoir. 
In the forward phase association and dissociation cycles are measured with all plugs 
ending at the output reservoir. 
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 droplet-train microchip. The microchip is fabricated as 
shown in Fig. 4 using a modified two-level PDMS 
technique that incorporates resist-protected Au spots. At 
the glass substrate Ti/W-Au spots are first patterned by 
conventional deposition, lithography and etching leaving 
the photoresist covering the spots. The Au-protected glass 
substrate is next bonded to a conventional two-level 
PDMS chip layer. Next, the microchannel walls are coated 
with a fluorination agent (Teflon-AF) that renders the 
channel walls permanently hydrophobic (θ ~ 110o). The 
Au protective resist is next removed by acetone exposure, 
rinsing and subsequent HCL cleaning. This is followed by 
the SPR target and reference spot functionalization as 
discussed in the experimental section below.  

 
EXPERIMENTAL 
   Reagents and Setup: Polyethylene Glycol (PEG) 
compounds were purchased from Laysan Bio. These 
include 5 kDa carboxymethyl-PEG-thiol (cm-PEG) and 2 
kDa methoxy-PEG-thiol (m-PEG). 
N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide (EDC), 

Sulfo-N-hydroxysuccinimide (S-NHS) and Phosphate buffered saline (PBS) tablets were purchased from Thermo 
Scientific. Carbonic anhydrase II (CA-II, MW ~29 kDa), 10% Sodium dodecyl sulfate (SDS) and 4-(2-aminoethyl) 
benzenesulfonamide (ABS) were all purchased from Sigma-Aldrich. Sylgard 184 Polydimethylsiloxane (PDMS) kit 
was purchased from Dow Chemicals. Deionized 18 MΩ water (DI water) 
was provided by the University of Utah nanofab facility. SF10 Schott glass 
substrates (2 x 2 sq. inch) were custom ordered from Schott. Teflon-AF 
(6 %, C5-18) solution and Fluorinert (FC-3283) solvent were purchased 
from DuPontTM and 3M FluorinertTM respectively. The sensorgram data is 
acquired using a manufacturer modified GWC Technologies SPRimager2 
that accomodates our chip. Additional modifications are reported elsewhere 
[2].  
   Gold/Glass Substrate: SF10 glass substrates were cleaned with piranha 
(3:1, H2SO4:H2O2) solution for 10 mins, rinsed in DI water for 10 mins 
and blow dried with N2 gas followed by baking at 90o C in an oven for 10 
mins.  They are then transferred to a TM Vacuum Sputtering machine and 
a 3 nm adhesion layer of Ti/W is deposited followed by a 40 nm layer of 
gold. The metal is then patterned using photolithography. The array of Au 
spots patterned have dimensions of 200 x 200 µm2 and thickness ~ 43±2 
nm. The metals are then etched away, glass slides are cleaned with DI 
water, blow dried and finally stored in a vacuum desiccator until being 
used. The patterned gold spots have a layer of 1.5 µm thick photoresist to 

 
protect them from fluorination.  
   Fluorination of channel walls: A solution of 
0.2 % Teflon-AF in fluorinert solvent is prepared 
and flown inside the microchannel for 1 minute 
followed by removal of excess fluorinating 
solvent using pressure. The chip is baked at 900 
C for about an hour to complete the hydrophobic 
coating followed by acetone rinse to remove 
photoresist from gold spots for functionalization.   

Gold Spot Functionalization: The bare gold 
surface is first modified with PEGs similar to our 
previous paper and elsewhere [2-4]. The surface 
modification using PEGs is quite effective in 
reducing non-specific adsorption.  Briefly, gold 
spots inside the microchannels are first rinsed 
with 0.01 N HCL solution followed by 
PEGylation in PBS buffer (50 mM Phosphate, 1 
M NaCl, pH 7.4) using cm-PEG. A short 

underbrushed layer of m-PEG further minimizes the non-specific adsorption. Excess PEG is removed by a short 
rinse of 50 mM NaOH. This is followed by immobilization of ABS ligand using standard amine-coupling procedure  

 

Fig. 2: Schematic of droplet-based SPR chip. Droplet plugs 
are first loaded in the input reservoir and flown through the 
SPR spots to the output storage channel. Valves W1 and W2 
control the buffer flow. 

 
 

Fig. 3: Chip photograph. The chip 
measures 1.8x2.2 cm. 

 

Fig. 4: Process for teflon-coated two-level SPR-PDMS chip 
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to form a two-dimensional sensing surface. A solution of 
Sulfo-NHS (0.1 M) and EDC (0.4 M) is used to facilitate 
crosslinking of activated cm-PEG to ABS. The control 
surface is blocked with ethanolamine (50 mM) in PBS buffer 
(25 mM Phosphate, pH 8.4 with 0.01% SDS) after cm-PEG 
activation. 
    
RESULTS AND DISCUSSION 
   The droplet based SPR technique was demonstrated using 
a model system of Carbonic Anhydrase-II (CAII) analyte and 
immobilized 4-(2-Aminoethyl) benzenesulfonamide (ABS) 
ligand [2-4] on amine reactive PEG modified gold surface. 
Short separate nano-liter droplets of buffer, analyte and 
regeneration plugs are first loaded in the long flow channels 
which are then sequentially transported to sensing site. Fig. 
5(a) shows the time-domain fluorescent signal over a sample 
spot in the flow channel. Fluorescent plugs have an 
approximate volume of 90 nL corresponding to plug duration 
of 5 seconds and flow pressure of 10 PSI. Fig. 6 shows a 
time-domain SPR sensorgram obtained from the sense and 
reference Au spots under a droplet-train flow of alternating 
analyte and buffer droplet plugs separated by an air plug. The 
measured values of ka and kd are 8.33×103 1/M-s and 
4.58×10-2 1/s respectively for an analyte concentration of 1.2 
µM, matching reasonably well with our previously reported 
step-response values [2]. 
 
CONCLUSION  
    We have demonstrated the realization of a droplet-train based SPR microchip. In this chip ~100 nL nanoliter 
plug samples of analyte, buffer and regeneration solutions are separated by an inert, immiscible gas phase thus 
dramatically reducing the consumption of analyte samples. Measurements of the association and dissociation 
constants were performed using slope-based fitting methods. The device is well suited for multi-analyte high 

throughput drug screening systems where 
the sample cost is critical, and the reaction 
rates are sufficiently slow to be independent 
of transport effects.  
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Fig. 5: Snapshots of alternating fluorescein, buffer and 
air plugs moving forward and backward and 
corresponding fluorescent signal intensity.

 

Fig. 6: Droplet-based SPR measurement of association and dissociation for 
the CAII-ABS system using alternating droplets of analyte, air and buffer.
The flow pressure was 10 PSI. 
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A RAPID SCREENING FOR HEMOGLOBIN-SPECIFIC APTAMERS BY 
USING A CONTINUOUS MICROFLUIDIC SYSTEM

Ching-Chu Wu1, Hsin-I Lin2, Chen-Hsun Weng1, Shu-Chu Shiesh2 and Gwo-Bin Lee1*
1Department of Power Mechanical Engineering, National Tsing Hua University, Hsinchu, Taiwan, 
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ABSTRACT
Systematic evolution of ligands by exponential enrichment (SELEX) is a method to screen specific DNA- or 

RNA-based aptamers by repeated rounds of partition and amplification from random pool of oligonucleotides. The 
screening products have high binding affinity for the target molecule, which can be an excellent biomarker for 
diagnosis and therapeutics. This study reports a new continuous microfluidic system to perform SELEX in an 
automatic mode, which is an excellent tool for fast selection of aptamers. As a demonstration, hemoglomin-specific 
aptamer was screened. The screened aptamer can be used for fast diagnosis of hemoglobin, which is a crucial 
indicator for diabetes mellitus. 
 
KEYWORDS
SELEX, aptamers, microfluidics, SELEX, hemoglobin 

INTRODUCTION
Diabetes mellitus (DM) is one of the most common non-communicable diseases worldwide and has become one 

of the most challenging health problems in the 21st century [1]. Therefore, the detection of DM is crucial with a high 
economic value. The ratio of hemoglobin A1c (HbA1c) and hemoglobin (Hb) provides a crucial index of DM 
patients, which is more reproducible than blood glucose measurement [2]. Thus, precise and accurate measurement 
of HbA1c is critical and essential for proper diabetic care. Recently, aptamers with a high binding affinity and a high 
selectivity for specific targets have shown great potential as a recognition molecule in diagnostic assays. The 
aptamers are selected repeatedly by the SELEX process which allows extraction of aptamers with desired binding 
affinity for a target molecule from an initially random pool of oligonucleotides [3]. However, this SELEX process is 
relatively labor-intensive and time-consuming. Furthermore, the consumption of samples/reagents is relatively high. 
More importantly, the dead-volume issue may result in low yield of screening [3].  

In the past two decades, microfluidics and micro-electro-mechanical-systems (MEMS) technology have enabled 
the miniaturization of biomedical and chemical analysis systems. Micro-scale bio-systems can provide even superior 
performance compared with their large-scale counterparts. This study therefore presents an automatic, magnetic 
bead-based microfluidic system which integrates a random ssDNA extraction device and an on-chip nucleic acid 
amplification device for fast screening of aptamers. In this study, we developed a continuous microfluidic system 
which can automatically perform the SELEX rounds on a single chip for screening of Hb-specific aptamers. 
Comparing to the traditional process, the developed microfluidic system is more compact in size and consumes 
fewer samples and reagents. More importantly, the entire process can be shortened from 2 weeks to 3 days. 

EXPERIMENTAL
In this work, we aim to extend our efforts to pursue the continuous platform to automate the entire SELEX 

process for screening an important biomarker, which is Hb. The continuous system for screening of Hb-specific 
aptamers utilizing SELEX would be implemented. It would be even more useful if rapid screening of aptamers can 
be automatically performed on a single miniature platform, which integrates devices for extraction and amplification 
of nucleic acids. 

Figure 1 shows a schematic illustration of the experimental procedure implemented on the integrated 
microfluidic system. The magnetic beads pre-coated with target proteins (Hb) and blocked by bovine serum albumin 
(BSA) were first loaded into the SELEX chip. Then, the ssDNA library was loaded into the chip. The SELEX 
process including incubation, partition and enrichment was automatically performed. After several selection cycles, 
the high-affinity and high-specificity DNA-aptamers were screened. The individual DNA sequences were then 
cloned to execute a competitive test, which could confirm the binding affinity and specificity of the screened 
aptamers. Three kinds of experiments, including a positive selection, a competitive selection and a negative selection, 
were performed to make sure the specificity of the screened aptamers. Briefly, positive selection (P) used a solution 
containing selected ssDNA, Hb-coated beads and 1% BSA buffer. Competitive selection (C) used a solution 
containing selected ssDNA, Hb, Hb-coated beads and 1% BSA buffer. Negative selection (N) used a solution 
containing ssDNA, BSA-coated beads and 1% BSA buffer. After incubation and washing process, the result on the 
slab-gel electropherograms can be used to verify if the screened aptamers have strong affinity and specificity. Finally, 
the screened ssDNA would be sequenced.  

Figure 2 shows a schematic diagram of the SELEX chip, which can automate the entire process by using 
micropumps, microvalves, micromixers and a polymerase chain reaction (PCR) module. Figure 3(a) shows an 
exploded view of the microfluidic chip, which consists of a liquid layer, a pneumatic layer and a glass plate. The 
dimensions of the chip were measured to be 59 cm x 53 cm (Fig. 3(b)). These microfluidic components have been 
characterized. For instance, Fig. 4 shows a cross-sectional concentration profile inside the micromixer. The 
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micromixer can achieve an efficient mixing within 3 seconds.

 
 

Figure 1: Schematic illustration of the experimental 

procedure for screening of Hb-specific aptamer (a) the 

beads coated with Hb and BSA (b) beads and sample 

reagent load into the SELEX chip (c) continuous 

SELEX cycle on chip, including denature, incubation, 

partition and amplification (d) after several SELEX 

rounds, the high-affinity aptamer can be purified (d) 

TA cloning (e) competitive test to make sure the 

specific of aptamers (f) DNA sequencing to analysis the 

structure (g) measure to certify the affinity 

 

 

 

 

 

Figure 2: Schematic illustration of the continuous 

SELEX chip. 

 
 
Figure 3:  (a) Exploded view and (b) a photograph of 

the SELEX chip. 

 

 

Figure 4: The normalized concentration profile across 

the mixing chamber. 

 

RESULTS AND DISCUSSION 

The target Hb-specific DNA-aptamers can be successfully isolated and enriched by the developed system, as 
shown in Figure 5(a). After five consecutive selections, the concentrations of the aptamers can be significantly 
enriched. In order to reduce the absorption of the screened aptamers on proteins, the enriched ssDNA was incubated 
with BSA-coated beads to obtain highly specific aptamers. Figure 5(b) shows that the non-specific DNA was 
successfully reduced and more specific aptamers with high affinity can be obtained by using negative selection. 
Figure 6 shows the competitive test results. The screened ssDNA can be verified to have high sensitivity and 
selectivity. Hb-specific aptamer with the strongest affinity was then sequenced. A secondary structure analysis of the 
aptamer was performed with MFOLD software (version 3.2). The predicted structure has five loops and low free 
energy, which makes it a promising biomarker for Hb. The affinity test for measurement of dissociation constant is 
undergoing.  

The entire SELEX process for screening Hb-specific aptamers can be automatically performed on the developed 
system. The entire time for one round of SELEX only takes 70 min. When compared to the traditional method, 
samples and reagents consumption can be significantly reduced and has better washing efficiency by using the 
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magnetic beads in the microfluidic system. It is therefore promising for fast screening of aptamers, which are 
excellent candidates for diagnosis or even therapeutics. 
 

 
Figure 5:  Slab-gel electropherograms for selected aptamers from the SELEX chip. (a) After five consecutive 

selections, the concentrations of the aptamers can be significantly enriched. (b) After several rounds of negative 

selection (using BSA-beads), the non-specific binding materials significantly decrease. 

 

 

Figure 6: Binding affinity test for the screened aptamers from the competitive test, P, C and N are for positive 

selection, competitive control and negative selection, respectively. 

 

CONCLUSION 

The Hb-specific aptamers can be successfully isolated and enriched by utilizing a microfluidic system and can be 
performed in a shorter period of time. The developed microsystem may provide a powerful tool for fast screening 
of aptamers, which are excellent candidates for biomarkers. 
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ABSTRACT 

We report an automated “chip-to-world” interface between an electrowetting-on-dielectric (EWOD) digital 
microfluidic device and high-performance liquid chromatography (HPLC) system, expanding the application of 
EWOD chemical synthesis devices to syntheses that require HPLC purification. The interface collects the crude 
product from the chip without the need for chip disassembly or other manual intervention. We report (a) bubble-free 
filling of the injection loop; (b) quantification of how much crude product from the chip is loaded into the loop; and 
(c) successful injection and HPLC purification of a crude product. It should be noted that because of the small chip 
volume, analytical-scale HPLC could be used, typically leading to 10-20x more concentrated purified product than 
semi-preparative HPLC. 
 
KEYWORDS 
Digital microfluidics, Electrowetting on dielectric (EWOD), world-to-chip interface, High-performance liquid 
chromatography (HPLC), Purification 
 
INTRODUCTION 

Due to its well-controlled volumes, inert surfaces, all-electronic control and flexibility of fluid movement, there 
has been growing interest in digital microfluidics using electrowetting-on-dielectric (EWOD) for chemical, 
biochemical and radiochemical synthesis applications [1,5,6]. Several of these require post-synthesis purification, 
separation and/or analysis. High-performance liquid chromatography (HPLC) is an important and ubiquitous 
separation technique for both preparative and analytical systems [7]. However, products are often manually pipetted 
off the chip and introduced into the HPLC [1]. An integrated interface that collects the product from the chip and 
delivers it to the HPLC system would minimize chemical/radiation exposure, time and effort on part of the operator. 
In doing so, it is important to inject most of the product from the microfluidic volumes of EWOD chip into the 
HPLC, and also not introduce air bubbles which could lead to distortion in the chromatograph. Below, we describe 
our approach to address these challenges and achieve repeatable results.  
 

 
 
EXPERIMENTAL 

The schematic top view of the interface is shown in Fig. 2(a), while its operation is illustrated in Figs. 2(b1-b5). 
A two-plate EWOD configuration (similar to [2],[8]) is used with the droplet sandwiched between two 
Teflon®-coated surfaces, with the patterned electrodes on the upper plate and ground plane on the lower plate. This 
is opposite to the usual orientation of the ground top plate on patterned lower plate. An outlet hole on the lower plate 
is positioned vertically above a septum-capped glass vial with a flat-bottom insert (400 µL, Agilent, Santa Clara, 
CA), with a vertical tubing (stainless steel, 3 inch long, 21 ga) connecting this “Extract” vial to the EWOD chip.  

First, vacuum is applied to collect product from the chip into the “Extract” vial [2]. The collection of the 
discrete droplet from the chip tends to occur in spurts, especially towards the end of the transfer, and the process 
usually leads to bubbles entrapped with the liquid in the Extract vial (Fig. 2(b1)). To eliminate these bubbles that are 
undesirable in HPLC, the contents are pushed into the “Degas” vial and weak vacuum applied. Liquid is collected at 
the bottom of the “Degas” vial, while gas bubbles are removed through the top (Fig. 2(b2)).  

Next, the degassed liquid is then pulled into the HPLC injection loop (50 µL, PEEK, Idex-HS, Oak Harbor, 
WA) by applying vacuum at the “Overflow” vial (Fig. 2(b3)). Two tubing-mounted optical liquid sensors (Optek 
Inc., Carrollton, TX) are placed over transparent tubing – one before and one after the injection loop (LS1 and LS2 
respectively) to sense the presence of liquid at these positions. The liquid is pulled in the form of one contiguous 
segment from the degas vial through connecting tubing into the loop. When both liquid sensors read “high”, this 
indicates the presence of liquid at both the sensors as well as in the loop between them. The rotary valve can then be 
switched (Fig. 2(b4-b5)) to inject the bubble-free liquid in the loop into the HPLC column to perform the 
chromatography. Using a combination of timing and feedback provided by the liquid sensors and the electronically 
controlled gas valves allows the entire operation to be computer-controlled and automated. 

Fig.1: The automated 
micro-injection interface 
collects the crude product 
from the EWOD chip and 
delivers it to HPLC for 
purification without manual 
intervention.  
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Fig.2: (a) Top view schematic showing the automated micro-injection interface that is comprised of three 
septum-capped vials, two optical liquid sensors and a rotary injection valve. (Gas and vacuum controls are omitted 
for clarity.) A droplet (outlined in white) being collected using EWOD and vacuum on an actual device is shown (top 
left). (b) Sequence of operation of the interface (counterclockwise from bottom left): (b1) Liquid (blue) is moved to the 
outlet hole using EWOD and collected with vacuum (V1) into “Extract” vial. (b2) To remove air bubbles, liquid is 
pushed using compressed gas (G1) from Extract vial into the “Degas” vial, where a weak vacuum (V2) applied at the 
top. (b3) Liquid is pulled from the degas vial using vacuum (V3) applied to the “Overflow” vial, across LS1 into the 
injection loop on the rotary valve and LS2. (b4) Once liquid fills the loop as indicated by LS1 and 2, V3 is turned off 
and (b5) the rotary valve is switched to inject the loop’s contents into the purification column. The entire process is 
automated by software-controlled EWOD actuation, vacuum and pressure using timing and electronic feedback. 
 
RESULTS AND DISCUSSION 

We used radioactive [18F]fluoride in water to quantify volume loss between the chip and the loop. ~65 µL of 
radioactive sample was first passed through the interface and loaded until LS1 was activated. (In this state, the Degas 
vial still contains liquid, and the tubing between the vial and LS1 is completely filled.) Next, ~65 µL of water was 
loaded onto the chip to rinse out residual activity along the lines and tubing and transfer from the Degas vial was 
resumed until LS2 was activated. Radioactivity outside the loop (upstream and downstream), and loaded into the 
loop were separately measured. ~82±4% of the starting activity was found to be loaded into the loop, which is 
similar or better than typically achieved with manual collection from the EWOD chip. Fig. 3 shows signals from the 
liquid sensors LS1 and LS2 that flank the injection loop as the liquid is filled. At the inlet side, LS1 first detects 
liquid and stays activated until the liquid completely fills the loop and reaches LS2. 
 

 

Fig.3: Loading of loop for injection into HPLC: 
Plot shows signal from liquid sensors 1 and 2 (LS1 
and LS2). First, the solution containing crude 
product is collected from the chip, degassed and 
transferred towards the loop until LS1 is activated 
(Fig. 2(b1-b3)) (~25 s on plot). Additional solvent 
is then added to rinse the tubing and the two vials 
upstream of the loop, following which transfer is 
resumed to completely fill the loop such that the 
liquid reaches LS2 (~100 s on plot) (Fig. 1(b4)). 
The flat trace of LS1 during loop filling indicates 
absence of bubbles in the loop. 
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As proof-of-concept, we injected crude [18F]fallypride made by radiochemical synthesis on EWOD through the 
interface into the HPLC column and obtained distinct peaks for the main product and side-products (Fig. 4). Peaks 
were collected in separate fractions enabling isolation of pure [18F]fallypride. The peaks obtained with the injection 
of radioactive compounds repeatably matched those for the cold standards (separately injected, not shown). 
 

 
Fig. 4: Proof of concept injection and analytical-scale purification of crude [18F]fallypride using the reported 
interface.  The HPLC chromatograph showing UV absorption (λ = 305 nm, blue trace) and radiation (orange trace) 
signals shows clear separation of the radiolabeled [18F]fallypride (~11 min) peak from other impurities (e.g. UV 
peaks around ~5,8,9 min). 
 
 
CONCLUSIONS 

We have demonstrated a practical interface for automated injection from an EWOD chip to an HPLC 
purification system. Requiring cheap vials, tubing and only gas-valve actuation, the interface contains no expensive 
wetted components and therefore lends itself well to a disposable cassette-based model. To miniaturize the overall 
chemical synthesis and purification system, this work could be extended to exploit smaller-scale HPLC columns (e.g. 
[3]) and systems (e.g. [4]). Although useful for all chemical synthesis due to ease of operation and reduced chemical 
hazard, the automation has an additional importance for radiochemistry to minimize radiation exposure. 
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ABSTRACT
This paper reports an electrochemical measurement system with a high-speed camera for observation of 

molecular transport phenomena at a water-oil (W/O) interface during microfluidic droplet formation. For 
demonstration of the system, currents corresponding to the transport of electrolyte ions to form the electrical double 
layer at the liquid interface were measured. Additionally, the high-speed camera observation revealed charge-effect 
on droplet stability during and/or just after the formation. This measurement system is expected to facilitate a full 
understanding of the droplet formation process.  
 
KEYWORDS
Microdroplet, electrical double layer, ion transport 
 
INTRODUCTION

Microdroplets formed in a microchannel were investigated intensively because of their great potential in 
chemical and biochemical analysis [1]. By taking the advantage of the monodispersity and high controllability of the 
droplets, many applications such as single cell analysis and micromixer [2] have been reported.  

The mechanism of droplet formation has been often investigated by high-speed camera observation and 
discussed fin terms of hydrodynamics. It was found that the droplet size correlates with Capillary number, the ratio 
of viscous force and interfacial tension.  However, the approach cannot explain the size dependence on the 
surfactant species.  The surfactant characteristics at the water- oil (W/O) interface have not been evaluated, despite 
knowing their effect on the droplet formation.  

In order to analyze the characteristics at the interface, we focused on the polarography technique by using two 
immiscible electrolyte solutions [3]. Here, we propose an electrochemical measurement system to reveal the 
surfactant’s and other electrolytes’ characteristics during droplet formation (Figure 1).  As an example of kinetic 
analysis at an interface , electrolyte migration phenomena creating an electrical double layer at the W/O interface 
were measured. 

 

 
Figure 1. Electrochemical measurement system with a high-speed camera for observation of molecular transport 

phenomena at a water-oil (W/O) interface during microfluidic droplet formation.  As an example of molecular 
kinetics affecting an interfacial property during droplet formation, the ion transport phenomena creating an 
electrical double layer at the W/O interface was measured. 
 
EXPERIMENTAL

Figure 2 illustrates the measurement setup.  The glass microdevice was fabricated by a two-step photographic 
wet etching technique. The microchannel with T-junction was hydrophobized with octadecyltrichlorosilane. Two 
Ag/AgCl electrodes were inserted to the microchannel by using connectors attached on a glass surface. A continuous 
organic phase, 1,2-dichloroethane containing 0.02 M Tetrabutylammonium tetraphenylborate (TBA+TPB-), was 
introduced into the 220-µm-wide and 40-µm-deep main channel.  A liquid reservoir for 0.02 M 
tetrabutylammonium chloride (TBA+Cl-) aqueous solution with a Ag/AgCl electrode was connected to the main 
channel, which act as TBA+-sensitive electrode for the organic phase. From the 60-µm-wide and 6-µm-deep side 
shallow channel, aqueous solution of NaCl was introduced, where the aqueous phase contacted with another 
Ag/AgCl electrode.  
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Figure 2. Microdevice for the electrochemical measurement. 1,2-dichloroethane (DCE) solution of 

Tetrabutylammonium tetraphenylborate (TBATPB) and NaCl aqueous solution were used as the continuous and 

dispersed phases, respectively.  Aqueous solution of tetrabutylammonium chloride (TBACl) was used to form 

TBA
+
-ion selective electrode for the organic phase. 

 
RESULTS & DISUSSIONS 

The high-speed camera observation shows that the droplet formation process depends on the applied potential 
(Figure 3).  At a potential of 0.35 V, when a new droplet was generated from the tip of the dispersed phase, the new 
droplet repels the previously-generated droplet (Figure 3a).  In contrast, when the potential is set to 0.19 V, the 
potential of zero charge, the tip of the dispersed phase connects the previously-generated droplet near the junction, or 
the new droplet fuses with it immediately, and, then, the volume of the droplet increases (Figure 3b). Because 
interfacial tensions under the above two conditions were almost the same, the transient amount of interfacial charge 
might be govern the phenomenon. 
 

 
Figure 3. Micrographs of the droplet formation captured by high-speed camera. (a) The new droplet repels the 

previously-generated droplet (0.40V). (b) The tip of the dispersed phase connects and fuses with the 

previously-generated droplet near the junction, and the volume of the droplet increases. 
 
Then, the current corresponding to charging of the electrical double layer via electrolyte migration was measured 

with a time-resolution of 20 µs (Figure 4). The periodic variation of 800 Hz corresponding to single droplet 
formation was observed at all the potentials except 0.19 V.  The current increase and drop in the period correspond 
to the droplet expansion and its detachment, respectively. The charge of detached droplet at 0.35 V accumulated 
during its formation (the time integral of the current) was calculated as 20 pC while that at 0.19 V was negligibly 
small. The difference can be considered to represent an electrical double layer around a droplet, which generates a 
repulsive force against the other droplet to prevent fusion.  
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Figure 4. Results of amperometric measurement. The period of the variation of 800 Hz corresponds to 

single droplet formation.  The charge at 0.35 V was calculated as 20 pC while that at 0.19 V was 

negligibly small. Therefore the difference (Figure 3) can be considered to represent the charge amount at 

an electrical double layer around a droplet. 
 

CONCLUSION 

Electrochemical measurement system for droplet formation was developed.  By using this system, we measured 
the amount of charge at the interface of a single droplet as an example of the molecular behavior that affects droplet 
stability during its formation. We expected that this system will enable to evaluate the effect of the molecular 
kinetics at the interface on the droplet formation process. 
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ION CONCENTRATION POLARIZATION IN A SING AND OPEN 
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ABSTRACT
We describe a novel and simple mechanism for inducing ion concentration polarization (ICP) using a 

surface-patterned perm-selective nanoporous film like Nafion in single, open microchannels. In this work, we not 
only develop a model to perform numerical simulations but also confirm the numerical simulation results with 
experimental results to verify the ICP phenomenon. That is, we characterize transport phenomena and distributions 
of ion concentration under various electric fields near the nafion film and show that single-channel based ICP 
(SC-ICP) is affected by nafion film thicknesses, strengths of applied electric fields, and ionic strengths of buffer 
solutions. We also emphasize that SC-ICP devices have several advantages over previous dual-channel ICP  
(DC-ICP) devices: inherently leak-tight, simple experimental setup requiring only one pair of electrodes, and low 
electrical resistances helping to avoid Joule heating, significant water dissociation, and membrane perm-selectivity 
breakdown but allowing high bulk flow. Lastly, we demonstrate that SC-ICP devices have high potential in 
massively parallel microchannels that require only one pair of electrodes and have higher possibilities of being easily 
integrated with traditional microfluidic systems for biotechnological applications.

KEYWORDS
microfluidics, ion concentration polarization, electrokinetics, pre-concentration, Nafion

INTRODUCTION
Interest is increasing in ionic and molecular transport phenomena in nanoscale channels and nanopore clusters 

for biomolecule concentration, filtration, and separation, and for even more intricate applications such as nanofluidic 
diodes, transistors, and energy convertors [1]. In particular, ion concentration polarization (ICP) induced by the 
biased transport between co-ions and counter-ions caused by charged channel surfaces (zeta-potentials) has widely 
utilized in biomolecule preconcentration. Such preconcentration increases the sample concentrations by more than 
million-fold and enable the ultra-sensitive detection of biomolecules [2].

In principle, most ICP devices have similar micro- and nanofluidic channel networks in which the nanofluidic 
channels physically connect two microfluidic channels and play a common role in selectively transporting either the 
cations or anions [3]. These devices are referred to as dual-channel ICP (DC-ICP) devices in this work. Most 
DC-ICP devices rely on complicated nanofabrication processes that connect the two microchannels with a 
nanofluidic channel or nanoporous material. These devices also require both microfluidic and nanofluidic channel 
networks in which an ionic sink channel is considered as an essential element for connection with an electric ground. 
Therefore, somewhat complicated electric configurations and micro-/nanofluidic networks are inevitable. To resolve 
the drawbacks, we present a novel and innovatively simplified ICP device that is based on a single and open 
microchannel with only one electrode pair with a surface-patterned nafion film, referred to as single-channel ICP 
(SC-ICP).

EXPERIMENT
We described the mechanism of the SC-ICP in Fig. 1. The surface-patterned nafion film in the middle of the 

microchannel can rapidly transport only cations from the anodic side to the cathodic side through the nanopore 
clusters. Since there is faster ion transport through the nafion film than bulk electrolytes, ionic neutrality is locally 
broken near the nafion film and the anion-rich zone (ARZ) and cation-rich zone (CRZ) are produced on the anodic 
and cathodic sides, respectively.
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Figure 1. (A) Illustration of an open, SC-ICP device in which a nafion film is patterned at the center of the 
microchannel surface. (B) Top view of the device and ionic neutrality is broken in the presence of an electric field. 
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(C) Illustration of the ICP phenomenon by the nafion film that rapidly and selectively transports cations from the 
anodic side to the cathodic side, resulting in the local formation of ion depletion. 
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Figure 2 (A) Time-course pre-concentration of negatively charged tracer molecules of 1 nM that are dissolved in the 
HCl buffer solution of 1 mM. (B) Concentration distribution of counter-ions (protons) along the microchannel. (C) 
Concentration distributions of the accumulated tracer molecules along the microchannel under various elecric 
fields.  

In Fig. 2, we demonstrated that rapid and stable ICP can be induced in a single, open microchannel 
using COMSOL. To verify the simulation result, we performed experiments and characterized transport 
phenomena and distributions of ion concentration under various electric fields near the nafion film and 
found that the SC-ICP is affected by nafion film thicknesses, strengths of applied electric fields, and ionic 
strengths of buffer solutions (Fig. 3). Furthermore, we demonstrated that the SC-ICP is more 
advantageous for the massive, parallel accumulation of biomolecules (Fig. 4); up to 105 to 106 folds within 
1 h, showing a good agreement with the simulation result. 
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Figure 3 (A) The quantified flux ratio of fluorescent intensities obtained from the cathodic side to those from the 
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anodic size representing passage through the IDZ of differently charged fluorescent dyes (B) Current monitoring 
reveals that the SC-ICP develops within 1 min and that steady states are maintained for anionic and neutral dyes, 
while the fluctuation of and increase in the current for cationic dyes seem to be caused by electrostatic 
binding/clogging of the dye molecules to/at the nanopores of the Nafion film. (C) Quantification of ion depletion 
areas in various electric fields (ionic strength of 5 mM was used). (D) The same quantification as in (C) at three 
different ionic strengths. 
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Figure 4. (A) shows concentration of the protein in a single and open microchannel and (C) shows a million fold 
accumulation of the sample. (B) and (D) demonstrate that the SC-ICP is advantageous for massive parallel 
expansion and integration with other microfluidic systems 

 
We note that the SC-ICP devices have several advantages over DC-ICP devices: easy and simple fabrication 

processes, inherently leak-tight, simple experimental setup requiring only one electrodes pair, stable and robust ICP 
induced rapidly, low electrical resistances to avoid Joule heating, and significant water dissociation but allowing for 
higher bulk flux. Hence, the SC-ICP has high potential in massively parallel microchannels that require only one pair 
of electrodes and have higher possibilities of being easily integrated with traditional microfluidic systems for 
biotechnological applications. 
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ABSTRACT
Caenorhabditis (C.) elegans is an intriguing model animal. Often times, researchers may need to silence the 

squirming worms and brought them to various measurements. Here we present a method to rapidly silence the tiny 
animal by sublethal light-induced heat in a special microfluidic chip. The worm’s neural functions are temporarily 
shut down when a threshold temperature is reached. The neural functions can be resumed once the heat is removed.
A safe operating range as to inducing heat knockdown was investigated. The finding showed that well-controlled 
heat knockdown is autonomous, reversible, and potential to worm immobilization.

KEYWORDS
Heat Knockdown, C. elegans, Immobilization, Microfluidics, Optoelectric Effect

INTRODUCTION
Study of C. elegans grows rapidly in broad research fields due to its unique advantages, such as simplicity, fully 

sequenced genome, optical transparency, short life cycle, etc. Although the great progress in biology, little is 
achieved in engineering. In the cases that the worms need to be measured precisely or undergo a surgery, one can 
only constrain the worms by limited measures, such as microstructures [1] or paralysis with anesthetic [2], which 
may result in physical or neural damages. Prior research work showed that C. elegans is able to perceive and respond 
to a small temperature change (<0.1°C) [3]. Since C. elegans is a well thermo-regulated animal, temperature plays 
an important role in the worm’s physiological activity. To the present, prior studies have reported that the worm has 
several responses to different heat stimulations, including thermotaxis[4], heat avoidance[5], and heat shock 
responses[6]. However, a sublethal temperature, a.k.a. knockdown temperature (KT), has rarely received attention
yet has been found able to prompt a widespread shutdown in the worm’s neural system. Even though under such a 
treatment, the worm’s cells and neurons remain intact. As a result, the worm can continue its life after the heat is 
removed. The short heat impact on the worms is hence regarded tentative, unharmful, and reversible. 

Considering that the knockdown temperature can silence C. elegans temporarily, we then developed an 
optoelectric microchip (aLINK, Fig. 1) using laser (20 mW, 640 nm) mediated heat to immobilize the worms. The 
microchip is composed of two indium-tin-oxide (ITO) glass plates. One of which is coated with a photoconductive 
layer (a-Si). An aqueous droplet is sandwiched between an ITO glass plate and a photoconductive ITO plate. When 
the liquid is irradiated by a laser beam, the liquid medium (NGM buffer) will be heated by Joule heating as well as 
laser energy simultaneously. Consequently, the liquid temperature is increased and approaches the threshold (KT) in 
a very short time. An analysis as to the equivalent circuit of the system showed that the major temperature increase
takes placed only within the irradiated spot. Compared to pure laser heating or electrical heating, aLINK enables 
rapid heating as well as addressable maneuverability. An adult worm immobilized by the technique was successfully 
used to demonstrate the removal of a fraction of lipofuscin granules utilizing femtosecond laser ablation.

Figure 1. Schematic of the setup (left) and the electric field in an aLINK microchip under irradiation of a 
laser beam (right).

EXPERIMENT & RESULTS
The experimental setup is illustrated in Fig. 1. A continuous wave (CW) red laser (50 mW, 640 nm) was utilized 
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to heat the medium in a microfluidic chip. A drop of 3 μL nematode growth medium (NGM) buffer was sandwiched 
between two ITO glass plates with a photoconductive layer. A high frequency electric field (350 kHz, 0.25 Vpp) was 
applied constantly. When the laser illuminated the entire worm, the local temperature of the medium was rapidly 
increased to the knockdown temperature due to Joule heating, laser heating and heat absorption on the 
photoconductor. In addition to the advantage of addressable maneuverability, a comparison (Fig. 2A) between laser 
only heating and the optoelectric method shows that the proposed technique stands out in the heating efficiency. Fig. 
2B proves that the microfluidic chip has better heating capacity than normal ITO glass chips. Within a limited time 
frame, the medium temperature in the microfluidic chip can easily reach the knockdown zone while others remain 
under the threshold. The range of knockdown zone was carefully measured under a well temperature-regulated 
environment (Fig. 2C). It generally took less than 10 seconds to reach the threshold temperature and immobilize the 
worm utilizing the chip. It is believed that neural functions are shut down or disturbed at the moment when the heat 
remains high, but recover once the heat is removed. Since the cells and neurons are tentatively nulled yet damaged 
during the process, the worm can return to its normal life without any problem. Without external stimulation, the 
recovery takes time for different individuals. To aid the worm to wake up faster, low-wavelength laser irradiation
(447 nm) can be used strategically to reactivate the worm’s motor neurons. It should be noted that the light avoidant 
behavior deals with a different mechanism. The neurons are depolarized by the violet-blue light, hence promoting 
the kinematic motion.
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Figure 2. (A) Graph of different heating modes with an aLINK microchip. (B) Heating effects of an ITO glass 
chip and an optoelectric chip with different light wavelengths. (C) Distribution of knockdown temperature 
(n=15). (D) Time to immobilization (n=5), and (E) time to wakeup in different heating modes (n=5). (F)

Evaluation of responsive worms v.s. cycle (n=18).

A complete operating cycle may include a combinatory use of a red laser (immobilization) and an optional violet
laser (wakeup). It has been found that laser only and laser with an electric field treatments may have different effects. 
Once the laser irradiation was removed, the worm usually resumed its activity in seconds to minutes. However, the 
immobilization and recovery times vary primarily depending on operating conditions. The time required to 
immobilize the worm is short with a laser plus an electric field yet long with a laser only treatment. Both cases the 
time shortens as the on-off cycle increases (Fig. 2D). In contrast, the worm needs a long time to wake up 
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spontaneously after more operating cycles (Fig. 2E). Our observation showed that most worms remained immobile
for over two minutes after five cycles. Especially, the worm appeared to take longer time to recover with the laser 
only treatment. This is very likely attributed to a long accumulated time under a high temperature. In addition, our 
experiment indicated that over 50% of the overall worms remained active or responsive to the stimulation before 14
cycles (Fig. 2F). Although the immobilization is reversible, the worm needs more recovery time after the on-off
cycle increases. A over operation may cause permanent damages in neurons. For a safe operation, the maximum 
heating temperature should be less than 37°C and the continuous on-off cycle should be no more than three. For a
practical demonstration, a laser ablation was successfully performed to remove the lipofuscin granule in a live worm 
immobilized by the proposed technique (Fig. 3).

Figure 3. View of laser ablation in an adult worm. The arrow indicates where the lipofuscin granule is removed. 
(A) Before the surgery; (B) after the surgery.

CONCLUSION
This paper presents a technique using an innovatively optoelectric microchip to immobilize the nematode C. 

elegans. The immobilization is mainly due to heat knockdown, a sublethal temperature, created by a combinatory 
effect of laser irradiation and electric field. Several treatment conditions were conducted and compared. It was found 
that NGM buffer in an optoelectric microchip imposed irreversible, unharmful, and rapid immobilizing effect on the 
worm. The photoconductive layer enabled rapid heating to take place within the irradiation spot. As a result,
addressable maneuvering can be achieved. The technique was actually applied to the surgical removal of lipofuscin 
granule in an aged adult worm accompanying with a femotosecond laser. The success of the treatment is believed 
beneficial to some applications that need non-contact C. elegans immobilization.
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ABSTRACT 
  A method is proposed for measuring the imaginary part of the Clausius-Mossotti factor (ICMF) of particles, which 
is crucial for particle manipulation and characterization using travelling wave dielectrophoresis (twDEP) and 
electrorotation. The method is based on the force balance of particle motion in a horizontal straight micro channel 
with an electrode array built on its bottom wall for generating twDEP. The experimental validity was checked using 
sephadex particles and liposomes. The ICMF spectrums of two lung cancer cells with different metastatic stages 
were also measured, and their difference indicates that ICMF can be served as a phenotype for cell characterization.   
 
KEYWORDS 
Imaginary part of Clausius-Mossotti factor, Cell characterization, Travelling wave dielectrophoresis, Microfluidics.   

 
INTRODUCTION  

The imaginary part of the Clausius-Mossotti factor (ICMF), iK , is a crucial parameter in electrorotation and 
travelling wave dielectrophoresis (twDEP), which were employed successfully for many particle/cell 
characterization and manipulation [1] [2]. However, iK  cannot be determined through its dielectric definition for 
many particles, such as biological cells. The goal of this study is to propose a method and fabricate the associate 
device to measure iK , which are absent in the literature. 

 
THEORY  
  The measurement principle is based on the force balance in a horizontal straight micro channel with an electrode 
array built on its bottom wall as shown in Fig. 1(a), with gravity along the negative z-direction. A travelling wave 
electric field is generated when the electrodes are powered by ac voltages with 90° phase shift between neighboring 
electrodes. A particle suspended in a medium in the region above the electrodes is subject to both conventional 
dielectrophoresis (cDEP) and twDEP forces associated with the applied electric field. The cDEP force alternates its 
direction at regions above neighboring electrodes, while the twDEP is unidirectional [3] along the electrode array. 
For the present two-dimensional electric field in the xz-plane, the particle translates essentially with a constant speed 
(U) relative to its surrounding fluid along the x-direction for positive iK  (or vice versa if iK  < 0) at a given 
height under the force balance. The equilibrium settling height, z*, is determined by the force balance along the 
z-direction, involving the weight, the buoyancy, and the z-component of the cDEP force. At such a settling height, 
the x-component of the cDEP force is negligible in comparison with that of the twDEP force, which is balanced by 
the viscous (Stokes) drag from the surrounding fluid under the low Reynolds number condition, 

3 22 / 6 ,m i x xR x URCK Eπε ϕ πμ∂ ∂ =  where mε  is the fluid permittivity, μ is the fluid viscosity, R is the particle radius, C 
is a factor accounting for the wall effect on viscous drag [4], and xE  and xϕ  are the x-component magnitude and 
phase of the electric field, respectively. In the present experiment, mε  and μ are known for a given fluid, R and U 
are measured, and 2 /x x xE ϕ∂ ∂  can be evaluated if both the electric field and the location of the particle center are 
given. Here we determine the position of the particle center using a microscope. In particular, we measure z* through 
the differences of the scales of the focus screw on the microscope when it is focused at the elevated particle and at 
the bottom wall of the chamber, respectively. Two ways were employed for calculating the electric field quantities. 
One use the numerical solution of the complex potential of Fig. 1(a) using the method of [5] with the aid of 
COMSOL software; and the other applies the theoretical result of Morgan et al. [6], who provided analytical 
expressions for the electric field and the DEP force for z > 3λ/8 = 3 s (see Fig. 1(a)). iK  is thus determined through 
the force balance relationship along the x-direction. 
 
EXPERIMENT        

The test section of the device (Fig. 1(a)) was employed in [3] as the central unit of a twDEP pump. Obstacles were 
built on both sides of the test section for flow stabilization (Fig. 1(b)), and the whole device is shown in Fig. 1(c). 
The device was fabricated using standard MEMS technique similar to those in [3], including photolithography, wet 
etching and molding using PDMS. The electrode array was fabricated with gold (150 nm thickness) on a glass 
substrate. A chrome layer (30 nm) was inserted between the gold layer and the glass substrate to improve the 
adhesion. The top and side walls and the obstacles are molded with PDMS, and bonded to the glass substrate. There 
are totally 24 electrodes in the array, and are actuated by a four channel functional generator. Several particles in 
selected solutions were employed for performing experiments. They are sephadex particles (g-25 super fine, GE 
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Healthcare Life Science), liposomes, CL1-0 or CL1-5 cells in 280 mM mannitol (C6H14O6) solution with its 
conductivity adjusted using KCL solution, and CL1-0 and CL1-5 cells in RPMI solution. CL1-0 and CL1-5 are two 
lung cancer cells, with CL1-5 more invasive. The movement of the particles during the experiment was observed and 
recorded through a CCD camera mounted on a microscope along the negative z-direction of Fig. 1(a), and the image 
data (thirty frames per second) were stored in a computer and employed for deriving the particle velocity, U. 

 
RESULT AND DICSUSSION 

Figure 1(d) shows the numerical values of the x-component total DEP force (cDEP plus twDEP forces, [7]) at 
different heights (z). It indicates that the cDEP force (which varies around zero along the x-axis) dominates at small z, 
while the twDEP force (positive) dominates at large z. Such a finding agrees with the analysis of Morgan et al. [6]. 
The agreement between the total DEP and the twDEP force in Figures 1(e) and 1(f) indicates that cDEP force is 
negligible when z > s = 15 μm. In the present study, the particles are under negative DEP, and move essentially on a 
horizontal plane at heights between z* = 30 − 40 μm according to both calculation and measurement. Thus the force 
balance along the x-direction involves only the twDEP force and the viscous fluid (Stokes) drag, which provide the 
basis for measuring iK , as discussed in the last section.  

The method is validated by measuring particles with known iK . Figure 2(a) and 2(b) show that the measured 
values of sephadex and liposome particles agree nicely and fairly, respectively, with the theory. The agreement 
between the experimental values using the numerical and the theoretical electric field indicates that the analytical 
expressions in [6] can be employed for the present design. Two lung cancer cells, CL1-0 and CL1-5, were also 
measured in RPMI solution (natural environment) and other medium with different conductivities. The results in 
Figures 2(c) to 2(f) show that the variations of iK  with frequency are different for different cells, which implies 
that iK  may be served as phenotypes for different cells with similar origin, and can be employed for cell 
characterization and separation. Figure 2(e) shows that iK  is negative near 10 MHz, which indicates that the 
particle might migrate along different directions in a twDEP device, or rotates in opposite directions in an 
electrorotation chamber, by changing the applied electric frequency if the medium conductivity is properly selected. 
 

 
Figure 1: (a) Sketch for the test section of the device. A particle rotates as it translates downward the phase gradient 
if iK  > 0, or vice versa. In the experiment, d = s = 15 μm, H = 107 μm and w = 1000 μm. The electrodes are 
powered by a 5V peak-to-peak voltage with different frequencies. (b) Enlarged top view of the channel region 
containing the test section of the device. (c) The device. (d) The normalized x-component total DEP force at different 
heights from half (7.5 μm) to three times (45 μm) of the electrode gap. (e) and (f) The distribution of the normalized 
x-component total DEP and twDEP force, respectively. Numerical results in (d)-(f) are for a case using sephadex 
particle with conductivity 6.5 mS/m and relative permittivity 40, in a medium with conductivity 0.01 S/m and 
relative permittivity 78, operated at 5 V (peak-to-peak) and 4 MHz. The force scale for normalization is 

3 2 3
02 mR V sπε − , with 0V  half the value of the applied peak-to-peak voltage. 
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Figure 2: Variations of the imaginary part of the Clausius-Mossotti factor, iK , with electric frequency for (a) 

sephadex particles, (b) liposomes (membrane thickness equals 4 nm, conductivity and relative permittivity are 10 
μS/m and 2.2 for the membrane and 0.7 mS/m and 78 for the interior material, respectively), and (c)-(f) lung cancer 
cells in mannitol or RPMI solution with different conductivites (σm). CL1-5 cells are more invasive than the CL1-1 
cells. 
 
CONCLUSION 
  A method is proposed, and the associated device is fabricated and validated, for measuring the imaginary part of 
the Clausius-Mossotti factors (ICMF) of particles and cells, which is important for particle/cell manipulation and 
characterization using travelling wave dielectrophoresis and electrorotation. The difference of the experimental 
spectrums of ICMF for different lung cancer cells of similar origin indicates that the ICMF spectrum could be served 
as a phenotype for those cells, which may be regarded as an alternative for the bio-markers of many detection 
methods based on immune-labeling. Such a finding is important because markers are not always available and often 
recognize cells of similar origin, for example, the multiple members of a stem cell lineage [8].  
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ABSTRACT 
This paper presents a liquid jet caused by a laser-induced cavitation bubble in thin films (height varies from 

micro to nanometers). The dynamics is highly depending on the thin film’s dimension and viscosity. The penetrating 
axial jet can be enhanced by increasing the laser energy or decreasing the distance between the laser focus and the 
targeted gas bubble surface. In the microchannel, strong shear stress ruptures part of the gas bubble and 
Rayleigh-Plateau instability further shattered it into small bubbles. While in the nanochannel, the nanojets can 
accelerate femtoliter liquids with thickness of hundreds of nanometers. 

 
KEYWORDS 

Nano/micro jets, thin films, cavitation, bubble  
 

INTRODUCTION
Jetting caused by a cavitation bubble is widely used in biomedical applications, such as drug delivery, cell 

poration and microsurgery [1-3]. The jet formation associated with bubble collapsing near a solid boundary is well 
studied [4, 5]. An expanding bubble can also cause an outward normal jet at the free surface [6, 7]. The power of 
cavitation can be released upon asymmetric collapse in the form of liquid jet and already used in biomedical 
treatment. However, the understanding of jet dynamics and its properties in various environments still remains 
uncertain. Given the trend of miniaturization, it is a broad interesting subject of the bubble dynamics and liquid jets 
on increasingly small scales, where the viscosity effect eventually becomes important. In this paper, jetting is studied 
in the thin films whose height is changed from microscale to nanoscale. The dynamics are highly depending on the 
thin film’s dimension and viscosity. 

 
PHYSICAL MODELS 

Figure 1(a) shows the schematic illustration of high speed jets created by focusing a laser pulse in a liquid filled 
capillary [8]. The laser pulse results in the formation of a vapor bubble accompanied by a pressure wave, which is 
reflected at the free surface and forms a jet. With the decreasing channel height, the effect of shear stresses from the 
channel wall plays a more important role on the jet dynamics. Fig. 1(b) shows the jet dynamics in a microchannel. 
Due to the shear stress, the gas near the wall moves much slower than that in the center of the channel. This results 
in the rupture of a part of the gas and a small bubble is formed. On the other hand, in nanochannel (see Fig. 1(c)), the 
significantly stronger shear stress fixes two sides of the bubble near the wall, and only a very thin jet sheet can 
penetrate into the gas bubble and rupture into two liquid columns. 

 

 
           (a)                            (b)                           (c) 

Figure 1: Schematic illustration of the jetting caused by a cavitation bubble in different confined environments: (a) 
capillary tube, (b) microchannel and (c) nanochannel. 

 
EXPERIMENTAL AND DISCUSSIONS 
   Standard lithography and wet chemical etching techniques are used to fabricate micro/nanostructure onto a 
borosilicate glass substrate. The channel width is 100 µm, and the height varies from 5 µm to 550 nm. The optical 
setup to create a laser-induced cavitation bubble includes a pulsed laser (532 nm, 6 ns) and an inverted microscope. 
The images are captured by a high-speed camera ((SA-1.1, Photron). The bubble dynamics is recorded at 300 000 
frame per second (fps). The exposure time for each frame is 370 ns. By gradually shifting the  
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triggering time of the camera, the dynamical evolutions of the bubble are studied in detail. 

Figure 2 shows the temporal evolution of the gas bubble (B1) after shooting a bubble (B2) on the left with 
different distances in a 5-µm channel. The impact strength of the jetting is increased by decreasing the distance 
between the two bubbles, as well as increasing the energy (not shown here). The former increases the initial impact, 
which is affected by the fast attenuation of shock wave. The latter increases the pressure and the speed of the 
cavitation bubble-induced flow front, and the total duration of bubble expansion [8]. Fig. 3 shows more detailed 
evolution of the bubble and the jet. The growth time of the jet is much shorter than that in a capillary tube (i.e. 300 
µs). The jet reaches its maximum length in the microchannel in approximately 3 µs. The cavitation bubble ends its 
expansion in 1 µs, and then collapses into a small remaining gas bubble within 20 µs. It is interesting to observe that 
some small bubbles are ruptured during the jetting, which has not been reported in other bubble-bubble interaction or 
jetting studies. In a relatively shallow channel, the viscosity effect becomes dominant and the high shear stress 
hinders the movement of gas near the channel walls. It results in the rapture of the front part of the gas bubble. As 
shown in Fig. 3, the raptured part shrunk into a cylindrical thread within 2 µs. The Rayleigh-Plateau instability 
causes the breakup of a long fluid cylinder into small bubbles [9].  

Figure 4 shows the evolution of the jet length, which is corresponding to Fig. 3(a). The jet tip travels from the gas 
bubble surface into the center with a speed of 20 m/s. After reaching its maximum length, the liquid are slowly 
pushed back. Fig. 5 shows the jet velocity as a function of the laser energy with different distances between the laser 
focus and the bubble surface. As noted before, the experimental results suggest that the velocity is proportional to the 
pressure of the shock wave. The slope of the data is larger for shorter distance. Thus, for the same laser energy, the 
jet speed increases with decreasing inter-bubble distance. Here, the jet velocity reaches 65 m/s. 

Figure 6 shows that the jetting in the nanochannel is much milder due to the viscous effects. In Fig. 6(a), a laser 
spot generates a nanobubble (B2) 9 µm away from a static gas bubble (B1). Instead of a surface concave towards the 
center of the bubble and hundreds microseconds jetting acceleration process as in the microchannels, a fast change 
of the gas bubble is observed in the frame at t = 0. Some dark regions forming a triangle shape near the proximal 
side of bubble B1 are observed. This indicates a propagating thin liquid jet, which is parallel to the glass channel 
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Figure 3: Snapshot of (a) jet evolution and (b) 
bubble growth after laser shooting in the 
microchannel.  
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Figure 5: Jet velocity as a function of the laser 
energy with different distances between the laser 
focus and bubble surface.  
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walls. The shock induced fast jetting creates a thin triangular liquid jet sheet. Capillary forces at the edge cause the 
drainage of the film, which eventually ruptures and leaves two liquid columns on its edges. This process happens in 
370 ns, and is not resolved due to the limited framing speed. It indicates a fast jet at velocity of more than 30 m/s. A 
homogeneous jet thickness of 200 ± 30 nm is estimated. After the first frame, the dynamics becomes slow. Surface 
tension further minimizes the surface area, thus the liquid cylinder connected with the outside liquid slowly retracts. 
The power of the jetting attenuates faster with increasing distance. When the distance is 12 µm (Fig. 6(b)), the 
nanojet penetrates only into the bubble by 5 µm and contracts into a droplet (6 femtoliter). No obvious effect can be 
observed when the distance is increased to 19 µm as shown in Fig. 6(c). Although the nanobubble caused jetting is 
much milder due to the viscous effect, the nanobubbles offer more precise control over the jetting location with high 
speed velocity. 
 
CONCLUSIONS 

In conclusion, the cavitation-induced jetting in thin films with nano/micrometer height is studied. Although 
surface forces dominate in the confined regions, rapid fluid mechanics (jet velocity of 10~65 m/s) are still observed. 
The jet velocity increases with increasing laser energy and decreasing inter-bubble distance. The nanojets can be as 
thin as 1/3 of the channel height. The demonstration of jetting on the micro/nanoscale offers possibilities for 
precision fluid handling, nanodroplet generation as well as biomaterial characterization. 
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Figure 6: Evolution of nanojet and nanobubble with different distances between laser focus and bubble surface: 
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ABSTRACT
Here we present a novel droplet-based microfluidic device that enables on-chip concentration and separation of 

hydrophobically functionalized DNA in a free-flow microdroplet. As our previous work has discovered, specifically 
functionalized DNA molecules are prone to enrich at the end of a moving microdroplet. Based on this concept, we 
design a droplet-based micorfluidic device that enables DNA enrichment and separation in droplets. Droplets
containing DNA are generated and then undergo a straight channel so that the DNA enriches at the rear of the droplets.
After the droplets are divided into two parts, the rear and the front droplets, the rear droplets are collected as a solution 
with condensed DNA. The concentration of the condensed DNA is triple that of the original DNA. The enrichment of 
DNA in a moving droplet can be improved with increasing flow rate of the droplet.

KEYWORDS
DNA enrichment, separation, droplet-based microfluidic device, free-flow microdroplets

INTRODUCTION
Droplet-based microfluidics system can effectively increase the throughput of biomedical investigation and 

application. Providing biological and chemical isolated environment and avoiding the cross-contamination of samples, 
the system advances numerous applications in material and biomedical sciences, and fundamental research [1]. The 
investigation of enrichment of biomolecules in microdroplets is significant but scarce, especially for DNA molecules. 
The condensed DNA revealing several interesting properties plays an essential role in various fields such as biology, 
biophysics and biochemistry. The concentration of the condensed DNA primarily dominates its binding and interaction 
abilities with other molecules [2]. Our previous work discovered that specifically functionalized DNA molecules are 
prone to enrich at the end of a moving microdroplet based on a combined effect of hydrodynamic repulsion and the 
aqueous/oil interfacial adsorption [3]. Here we propose a novel droplet-based microfluidic device to enrich and to 
separate hydrophobically functionalized DNA in free-flow microdroplets without complicated design and fabrication, 
and without external field.

EXPERIMENT
Figure 1 shows schematically a droplet-based microfluidic device to enrich and to separate hydrophobically 

functionalized DNA in free-flow microdroplets, and illustrates its configuration and operating conditions (cases A and 
B). A droplet called a mother droplet is generated at the first junction of the device, and undergoes enrichment in which
the DNA aggregates at the end of the droplet through a combined effect involving the hydrodynamic repulsion and 
affinity attraction. On passing through the second junction, the mother droplet becomes divided into two droplets, 
specifically a front droplet and a rear droplet. The rear droplets are smaller but contain greater DNA concentration than 
the front droplets. Based on a correlation between pressure resistance and droplet size [4], the rear droplets are
separated from the whole droplets in a forked channel and collected to obtain a solution with highly concentrated DNA. 

As a droplet containing the hydrophobically functionalized DNA flows through region b, the enrichment of the DNA 
occurs (Figure 2). On flowing through region c, the droplet is split into a large droplet (front droplet) and a small droplet
(rear droplet). From a comparison of their fluorescence intensities, the small droplet possesses more DNA than the large 
one. Downstream, these droplets are separated in the forked channel (region e) and then flow individually into the 
corresponding channels (regions f and g) for collection. To quantify the DNA enrichment in droplets, we analyze the
fluorescent intensity of droplets as shown in Figure 3. For a mother droplet (Figure 3(b)), the maximum intensity (4095 au)
at the end is approximately four times the average intensity of the DNA solution near the inlet, inletI (1100 au),
demonstrating that most DNA concentrates at the end of the droplet through the combined effect. The average intensity of 
the rear droplet ( rearI ) is larger than inletI , whereas that of the front droplet ( frontI ) is smaller than inletI (Figures 3(c) 

and (d)). Compared to case A (Figure 3 (e)), rearI /
frontI and rearI / inletI are small for case B, indicating that a greater

rate induces greater DNA enrichment. The DNA concentration of the solution collected from the rear droplets is triple that 
of the original solution for case B, which would be improved on enhancing the flow rate, or a modified device for multiple 
DNA enrichment and separation.

Using the proposed device, we have realized DNA enrichment and separation in free-flow microdroplets. This is a
novel approach to purify and extract DNA from a dilute solution in Lab-on-a-Chip systems.
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Figure 1. Schematic illustration of the droplet-based microfluidic device for DNA enrichment and separation in a 
free-flow droplet. The continuous phase and dispersion phase of this droplet-based system are silicone oil and 
TAMRA-labeled DNA solution respectively. Two cases (A and B) under distinct flow rates are performed in this work.

Figure 2. Experimental photographs of various regions (a to g) of the device (Case B). Scale bar = 100 m.
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Figure 3. DNA intensity profiles near the inlet (a), in the mother droplet (b), the rear droplet (c) and the front 
droplet (d); intensity profiles are plotted along red lines (case B).  (e) Average DNA intensity ratios of the rear 
droplet to the front droplet ( rearI / frontI ) and of the rear droplet to the region near the inlet ( rearI / inletI ) for the two 
cases.  
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ABSTRACT  

 In this work, we use stop flow lithography (SFL) and a custom microfluidic flow-through scanning system for the 
development, validation, and application of a sensitive and multiplexed hydrogel microparticle based protein 
quantification platform. Gel particles are graphically encoded and functionalized with capture probes against protein 
targets of interest. We take advantage of the non-fouling and flexible nature of our substrate to demonstrate rapid and 
robust detection of (1) a panel of 4 cytokines in HIV viral inhibition assay cell culture supernatants using antibody-based 
sensing and (2) thrombin, a blood clotting protein using aptamer-based sensing.  
 
KEYWORDS 
Multiplexed Protein Quantification, Cytokine Profiling, Aptamers, Hydrogels, Biosensors 
 
INTRODUCTION  

The analysis of biologically complex and clinically relevant samples requires a sensitive, multiplexed, and high 
throughput protein quantification platform which allows flexibility with respect to type of sample, target panel, and 
capture probe. Commercially available methodologies for protein detection utilize either planar arrays, such as the 
enzyme-linked immunosorbent assay (ELISA) or spectrally-encoded particle arrays, such as the Luminex system[1, 2]. 
Although ELISAs are widely used for protein quantification, they suffer from low sample throughput and inability to 
multiplex with ease.[3] Surface-based particle arrays such as Luminex allow higher sample throughput, but are often 
prohibitively expensive due to the need for a multi-color readout system and usage of thousands of beads per assay to 
achieve precise quantification[4]. In this work, we use stop flow lithography (SFL) for synthesis of a graphically-encoded 
polyethylene glycol (PEG) hydrogel particle array bearing covalently incorporated antibodies or aptamers against 
proteins of interest.[5, 6] Since PEG is non-fouling, particles can be used directly in raw complex media without the need 
for assay diluents or sample processing. 

In previous work, we showed single pg/mL recovery of human cytokines spiked into 95% fetal bovine serum (FBS) 
using antibody-functionalized gel particles.[7, 8] We have since validated our antibody-based sensing platform against a 
commercially available Luminex bead assay for direct detection of cytokines in cell culture supernatant, and now utilize 
it to understand cytokine signatures in CD8+ killer T-cell mediated human immunodeficiency virus (HIV) inhibition. 
HIV continues to be a global pandemic and cytokine cascades are thought to largely direct the immunological response to 
the virus, making it of utmost importance to understand their secretion profiles with respect to degree of viral inhibition 
in a range of patients.[9, 10] We use encoded gel particles bearing antibody probes to simultaneously measure a panel of 
4 cytokines that are relevant to viral inhibition: interleukin-2 (IL-2), interferon-γ (IFN- γ), macrophage inflammatory 
protein-β (MIP1- β) and tumor necrosis factor-α (TNF-α).  

We have concurrently further extended our platform to include aptamers for protein capture and labeling. Although 
the majority of protein detection assays employ antibody pairs, these biomolecules are expensive, vary from lot to lot, 
and are prone to cross-reactivity. Furthermore, production of antibodies requires in vivo synthesis techniques. Nucleic 
acid ligands called aptamers are therefore a desirable alternative for antibodies in immunoassays due to ease of synthesis, 
stability in storage and a selection process that confers high affinity and specificity for intended targets.[11] Using SFL 
techniques from prior nucleic-acid based work allowed us to easily interface aptamers with the encoded gel particle 
platform.[12] A well-characterized aptamer pair against a blood clotting protein thrombin was used to evaluate aptamer 
performance for protein detection in the hydrogel microenvironment. Inside the flexible and three-dimensional hydrogel 
scaffold, we were able to achieve thrombin limits of detection (LOD) that surpass most surface-based systems without 
needing to use long spacer sequences between the capture aptamer and the gel anchor point.[13]    

EXPERIMENTAL 
All particles shown in this study were encoded, functionalized, and UV-polymerized simultaneously in a microfluidic 

device at rates of 16,000 particles/hour using SFL (Figure 1a). Particles were designed to carry a graphical barcode that is 
spatially segregated from a separate probe-bearing region. The fluorescently-doped code region consists of rectangular 
unpolymerized holes of varying dimension, and regions that flank the probe-bearing region provide the particle with 
structural stability and serve as internal controls. Probes were covalently incorporated into the gel network using acrylate 
chemistry. Prior to synthesis, capture antibodies were concentrated to 10 mg/mL and reacted with a heterobifunctional 
linker molecule (Acrylate-PEG-SCM 2000) to enable addition of an acrylate group to antibody side chains. Capture 
aptamers were purchased with an acrylate modification. Monomer compositions were chosen such that the probe-region 
would have a pore-size large enough (15-20 nm) to permit diffusion of the large biomolecules while maintaining high (3-
30 µM) probe incorporation. In a typical sandwich assay, 25 particles of each type were mixed either directly into 
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complex media or buffer of interest (Figure 1b). Particles were incubated with target for 2-4 hours to ensure thorough 
diffusion and reaction of target throughout the particle scaffold, and labeled using a biotinylated reporter molecule (either 
an antibody or an aptamer). A fluorescent reporter conjugated to streptavidin was then used to visualize binding events. 
(Figures 1b& 2) Post assay, particles were loaded into a flow-focusing device for rapid (25 particles/second) decoding 
and target quantification. Due to spatial separation between the code region and the probe region of the particles, a single 
color (532 nm) excitation source was sufficient for all analysis, as compared to spectrally encoded bead arrays such as 
Luminex (Figure 1c). 
      

    
Cell cultures for cytokine analysis were prepared in one of two ways. 

For platform validation, peripheral blood mononuclear cells (PBMCs) 
were externally stimulated using PHA/ionomycin to ensure release of a 
subset of the 4-plex panel (IL-2, IFN-γ and TNF-α). Meanwhile, viral 
inhibition was assessed by infecting populations of CD4+ T-cells isolated 
from HIV patients ex-vivo and subsequently adding CD8+ T-cells that 
were either autologous or allogeneic to enable viral inhibition. 
Measurement of an HIV core protein, p24, allowed quantification of 
viral inhibition activity as a consequence of CD8+ T-cell addition. Cell 
culture supernatants were then profiled for cytokine release.  
 
RESULTS AND DISCUSSION 

 Our 4-plex multiplexed cytokine assay was optimized to ensure 
specificity of antibody pairs and to maximize sensitivity. It was 
confirmed that the cell culture supernatants did not react with the particle 
scaffold by combining the supernatants with “blank” particles which had 
the same chemical composition and geometrical features of standard 
particles without any probe. In order to maximize signal and minimize 
noise, we systematically tuned the concentration of reagents that were 
used in the labeling steps of assays such that we maintained a 3-4 log 
dynamic range while obtaining high sensitivity.  

All calibration curves were generated by spiking recombinant 
standards into cell culture media at concentrations ranging from 10 pg/mL to 1000 pg/mL. Furthermore, due to 
uniformity of particles during synthesis, it was necessary to only generate calibration curves once per batch of particles 
(enough for 350-400 assays). Target-probe specificity was confirmed through a cross-reactivity matrix assay in which 
each capture antibody was checked for reactivity with unintended targets and reporting antibodies. Using our sandwich 
assay, we were able to achieve sensitivities similar to commercially available ELISA and Luminex assays (<10 pg/mL) 
for most targets in cell culture supernatants without using signal amplification steps. In our platform validation 
experiments, the same aliquots of cell culture supernatant samples were interrogated using both Luminex and the gel 
particles. It was found that all measurements were within 2X of each other using both systems, indicating excellent 
agreement and validating the gel particle platform (Figure 3). Our work with viral inhibition assay (VIA) supernatants 
indicates that MIP1-β, a chemokine that is associated with anti-HIV toxicity may demonstrate differential secretion based 
on viral state in HIV patients.[14]  

Figure 1: Assay workflow depicting (a) particle synthesis using SFL in a microfluidic device, (b) typical sandwich 
assay in complex media or buffer, and (c) microfluidic scanning system for particle decoding and target 
quantification. 

Figure 2: Post-assay depiction of gel 
network after a typical antibody-based 
protein assay. Aptamer-based assays 
use a similar sandwich scheme.  
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Using hydrogel particles 
functionalized with aptamers, we 
attained either a 4 pM thrombin 
detection limit (using a biotinylated 
reporter antibody) or a 20 pM thrombin 
detection limit (using a biotinylated 
aptamer sequence), both of which 
surpass what competing surface-based 
platforms can offer even while using 
capture aptamers modified with spacer 
molecules. In comparison to surface-
based substrates, more probe can be 
immobilized in the projected area of a 
hydrogel (105 molecules/µm2 in a gel 
versus 104 molecules/µm2 on a surface) 
while maintaining greater distance 
between probe molecules (55 nm in a gel 

versus 10 nm on a surface). The combination of higher probe concentration and reduced steric hindrance allows aptamers 
to stably fold into configurations necessary for effective target binding without modifying the capture aptamer with 
spacers. Furthermore, even when we utilized thymine spacer molecules, we found minimal detection advantage (1-2X 
fold increase in signal as opposed to the 4-10X increase in signal that surface based systems often experience).[13] 
 
CONCLUSION   

In conclusion, we demonstrate a robust protein detection platform for rapid quantification in complex samples using 
both antibodies and aptamers. The flexibility and detection advantages of hydrogels together with our high-throughput 
analysis system could enable sensitive and multiplexed profiling in a range of complex media to better characterize 
disease state and to build non-invasive diagnostic tools.  
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ABSTRACT 

We present a novel QCM (quartz crystal microbalance) sensor for detecting interactions between membrane proteins 
and their ligands using liposomes derived from human cells. The liposome production is induced by stimulating human 
lymphocyte cells with NaB (sodium butyrate). Liposomes produced in this method already retain specific membrane 
proteins that were expressed in the host cells. The membrane proteins on the liposomes maintain their original structures 
and functions. In this research, we applied the cell-derived liposomes to the detection of membrane protein-ligand 
interactions as follows. First, liposomes having BCR (B-cell receptor) were derived from human lymphocyte cells, 
Ramos. Next, the liposomes were separated from the cells by filtration and micronized by sonication. Then, the 
liposomes were immobilized on the surface of a QCM sensor chip using cell-anchoring molecules. Several experiments 
demonstrated that ligand detection is achieved by frequency reduction with application of the antibody against BCR. 
 
KEYWORDS 

Liposome, Human lymphocyte, Membrane protein, Quartz crystal microbalance, Ligand detection 
 
INTRODUCTION 

Most membrane proteins such as receptors and transporters on the surface of a cell play important roles in signal 
transduction between the inside and outside of a cell and are closely involved in many diseases. In development of novel 
drugs such as receptor agonists and antagonists, detailed analyses of interactions between membrane proteins and drugs 
require the membrane proteins to be isolated from cells and transferred onto liposomes and other phospholipid 
membranes in order to avoid complex cellular responses. However, isolation and purification of membrane proteins 
require many steps and procedures due to their inherent hydrophobic property and complex structures [1]. Therefore, the 
conventional method for inserting membrane proteins into liposomes during or after the liposome preparation invites a 
heavy risk of degeneration or disruption of membrane proteins, which makes it difficult to maintain their original 
structures and functions. Alternatively, several researchers have succeeded in preparing membrane protein-containing 
liposomes (proteoliposomes) without isolation and purification of membrane proteins. Akiyoshi’s group reported a novel 
approach for cell-free synthesis of membrane proteins inside giant liposomes [2]. Also, Yoshimura’s group proposed a 
baculovirus-liposome membrane fusion method for reconstituting membrane proteins on liposomes [3]. However, those 
methods cannot handle human-derived membrane proteins which are required for drug development, and cannot modify 
liposomes with various lipids such as cholesterol and glycolipid which are also present on cell membranes and 
significantly affect structure and function of membrane proteins [4, 5]. 

On the other hand, we previously reported that cell-sized liposomes can be derived directly from cell membranes by 
stimulating human lymphocytes with NaB in a manner shown in Fig. 1 [6, 7]. Liposomes derived in this method already 
retain specific membrane proteins that were expressed in the host cells (Fig. 2). The proteins maintain their original 
structures and functions that are necessary for drug discovery, and the liposomes have the same membrane composition 
as the host cells. Moreover, if human lymphocytes are transfected with specific genes in advance of liposome derivation, 
our method can produce liposomes having human membrane proteins with complex structures such as transporters and 
GPCRs (G protein-coupled receptors). In this research, we applied the cell-derived liposomes to a novel biosensor based 
on a QCM which detects the binding of biological molecules with the membrane proteins on the liposomes. 
 

 
B lymphocyte

Membrane proteins
(B-cell receptors)

Cell membrane

Liposome

Figure 1. Schematic and photographs of liposome derivation 
from a human lymphocyte. 

Figure 2. Schematic of transfer of membrane 
proteins from a cell to a liposome. 
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METHOD 
The sensor was prepared in the following procedure. BCR (B-cell receptor), which is one of the membrane proteins 

expressed in human B lymphocytes, Ramos, was used as a sensor probe. First, the liposomes having BCRs on their 
surfaces were derived from cell membranes of Ramos by chemical stimulation with 10 mM NaB (Fig. 3(a)). Secondly, 
the liposomes in cell culture medium were separated from the cells with a filter having many pores of 5 μm in diameter 
(Fig. 3(b)). Then, they were micronized into tiny vesicles smaller than 1 μm in diameter by means of sonication treatment 
(Fig. 3(c)). 

Next, a SAM (self-assembled monolayer) with cysteamine and cell-anchoring molecules (NOF, OE-040CS) was 
formed on the surface of an Au electrode of a QCM sensor chip (Nihon Dempa Kogyo, NAPiCOS PSA10A). Finally, 
when the micronized liposomes were seeded on the electrode, they were immobilized on the electrode because the 
hydrophobic oleyl groups of cell-anchoring molecules bound with the liposome membranes (Fig. 4). Note that if the 
liposomes were not preliminarily micronized, they would make large mechanical disturbance on the electrode and cause 
unstable measurement signals. Also, the liposome micronization has the effect of uniformizing distribution in the 
membrane proteins on the sensor. Thus, the QCM sensor was prepared in order to detect a ligand of BCR. 

 

Oleyl group    PEG    NHS

Liposome membrane
(phospholipid bilayer) 

+ Cysteamine

Bare Au

Liposome

QCM sensor chip Surface modification of Au surface 
using self-assembled monolayers (SAM)

Seeding and immobilization of liposomes

+ Cell-anchoring molecules

Membrane proteins
(B-cell receptor, BCR) 

H2N SH

 

Figure 3. Schematic and photographs of the prepared 
liposomes. 

Figure 4. Liposome immobilization on the Au electrode of a 
QCM sensor. 

 
EXPERIMENT 

The detectability of the fabricated sensor was evaluated as 
follows. The sensor chip was equipped with a microchannel and a 
sample injector that is used for HPLC (high-performance liquid 
chromatography) (Fig. 5). BSA (bovine serum albumin) was used as 
a blocking agent for non-specific adsorption. Also, the anti-BCR 
antibody (IgG) was used as a ligand of BCR. The solutions including 
BSA and anti-BCR were injected sequentially into the microchannel 
for 10 minutes at a flow rate of 5 μL/min and then were reacted to 
the liposome-immobilized electrode. 

As a result, significant reductions of resonant frequency of the 
sensor were obtained in real time. Figure 6 shows frequency 
reductions obtained in response to a series of anti-BCR antibody 
dilutions (10, 20, 30, 40, 60, 80 and 100 μg/mL). In order to 
characterize the binding ability of anti-BCR (Fig. 7), the mass of the 
anti-BCR which bound to the membrane proteins was calculated 
using the Sauerbrey equation which is defined as the following 
equation:  

fΔ Δ
f

A
m Δm (1)2.86 x 1010= − = −

2 0

q q

2

ρ μ
 

where Δf is frequency change; Δm is mass change; f0 is the resonant frequency; A is the piezoelectrically active crystal 
area; ρq is the density of quartz; and μq is the shear modulus of quartz for AT-cut crystal. 

 
 

Microchannel

QCM sensor

Buffer solution (PBS)

Sample solution
1st  : 0.5% BSA/PBS

Sample injector

2nd : anti-BCR (IgG)
           in 0.5% BSA/PBS

anti-BCR

Ligand binding and mass increase
 

Figure 5. Schematic of the total sensing system.
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Figure 6. Frequency reduction in response to different 
concentrations of anti-BCR solutions. 

Figure7. Characterization of the binding ability 
of anti-BCR. 

 
CONCLUSIONS 

The present method to produce liposomes from cells permitted membrane proteins to be obtained without their 
degeneration and disruption. Thus, the QCM sensor having the cell-derived liposomes immobilized on the electrode 
provided measurement data that were highly relevant with the true binding abilities between membrane proteins and their 
ligands. In the near future, we will obtain more experimental data using other various membrane proteins which can be 
expressed on lymphocyte cells by gene transfection. Our sensors will be powerful tools for drug discovery, especially for 
development of peptide drugs or antibody drugs which affect disease-related receptors. 
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EXERCISE- AND DRUG DOSE-DEPENDENT METABOLIC ASSAY 
DEVICE USING THE HYDROGEL-SUPPORTED SKELETAL MUSCLE 

CELLS 
Kuniaki Nagamine1,2, Hirokazu Kaji1,2, Makoto Kanzaki1,2, Matsuhiko Nishizawa1,2 

1Tohoku University, Japan, 2JST-CREST, Japan 

ABSTRACT 
We have prepared contractile skeletal muscle cellular micropatterns supported by the hydrogel to investigate the 

relationship between exercise or drug administration and development of type 2 diabetes under controlled culture 
conditions.  The muscle cell-patterned gel sheet can be handled easily while sustaining the cellular structure and 
activity, allowing for the first time to be combined with the various analytical devices on demand.  In this study, 
two types of bioassay devices were constructed by combining the gel sheet with our original microelectrode-printed 
flexible gel sheet for electrically inducible exercise-dependent metabolic assay, and with a microfluidics for drug 
screening. 
 
KEYWORDS 
Skeletal muscle cell, Hydrogel, Microfluidics 
 
INTRODUCTION 

In vitro bioassay systems incorporating cells with physiological activity have been developed as an alternative to 
whole animal experiments. Systems using skeletal muscle cells are one of the promising devices to reveal the 
complex mechanisms of type 2 diabetes because the disease is closely associated with a disorder of insulin- or 
contraction-induced glucose metabolism in a skeletal muscle cell in vivo. Such a bioassay system could be also 
useful for screening candidate drugs against type 2 diabetes 

In this study, we prepared aligned contractile skeletal muscle cellular micropatterns supported by the hydrogel to 
investigate the relationship between exercise or drug administration and type 2 diabetes development under 
controlled culture conditions.  The muscle cellular gel sheet can be handled easily while sustaining the cellular 
structure and activity, allowing for the first time to be combined with the various analytical devices on demand.  
The gel sheet combined with our original microelectrode-printed flexible gel sheet, which is soft enough to contract 
synchronously with the myotube motion, were applied to spatiotemporally control of each micropatterned muscle 
contraction with localized electrical stimulation.  This device enabled high-contrast imaging of contraction-induced 
glucose transporter, GLUT4, translocation from intracellular vesicles to the plasma membrane of the cells.  GLUT4 
is a principal mediator of glucose uptake in the skeletal muscle cell in response to insulin and exercise and its 
defection is closely associated with the development of type 2 diabetes.  Furthermore, combination with the 
microfluidics enabled localized drug administration to the cellular micropatterns on the gel avoiding direct 
subjection of the cells to the fluidic shear stress. This device would allow drug dose-dependent metabolic assay such 
as insulin-induced control of glucose metabolism in the skeletal muscle cells. 
 
 
EXPERIMENT 
Preparation of a fibrin gel with contractile myotube 
micropatterns combined with a conducting polymer 
electrodes-printed hydrogel 

Figure 1(A) shows a photograph of a fibrin gel with 
C2C12 myotube line patterns and (B) shows  
conducting polymer electrodes printed on a hydrogel.  
The gel sheet with cellular pattens was prepared by 
transferring cellular micropatterns from a culture dish 
onto a fibrin gel1,2).  A fibrinogen and thrombin mixture 
solution was poured over the myotubes patterned on a 
culture dish, and the dish was left undisturbed for 4 h at 
37 oC under a 5% CO2 atmosphere to facilitate the 
mixture gelation and to allow the cells to adhere to the 
gel.  By gently detaching the gel from the dish, the gel 
sheet with myotube line patterns (line width: 250 m) 
were prepared (Fig. 1(A).  

Poly(3,4-ethylenedioxythiophene) (PEDOT) 
micropatterns were prepared on a hydrogel as 
follows3,4). Poly(acrylamide) hydrogel film was 
laminated on Pt microelectrodes prepared on a glass 
substrate using a conventional photolithography and 
lift-off technique. Electropolymerization was 

Figure 1. (A, B)Photograph of a fibrin gel with myotube 
line patterns (A) and a conducting polymer 
PEDOT-printed hydrogel (B). (C) Myotube/fibrin gel 
combined with the PEDOT microelectrode-printed
hydrogel sheet.
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conducted on the gel-covered electrode in a aqueous monomer solution.  Finally, the hydrogel film with PEDOT 
micropatterns was peeled from the Pt electrode substrate by taking advantage of the electrochemical elastic actuation 
of PEDOT.   

The myotube gel sheet was patched onto the microelectrode array sheet as shown in Fig.1(C) to construct a 
skeletal muscle cell-based bioassay device.  Contractile behavior of each myotube line pattern on the gel was 
individually controlled by localized electrical stimulation using the microelectrode arrays.  Similar to natural 
skeletal muscle tissues, the myotubes showed twitch contractions upon application of 1 Hz electrical pulses, while 
tetanic contraction was observed at 40 Hz (Figure 2).  
 
GLUT4 translocation assay 

Figure 3 depicts the expression assay of GLUT4 by the selective stimulation of the myotube line patterns.  
Myotube line pattern on the left side was electrically stimulated and the right side pattern was rested (Fig. 3(A)).  
GLUT4 on the plasma membrane was stained with Alexa594-conjugated antibody after fixation of the cells using 
paraformaldehyde.  As can be seen in Fig. 3(B), electrically stimulated myotubes displayed an increase in 
fluorescent intensity above that of unstimulated cells by about 4-fold.  In a conventional random-cultured myotube 
monolayer, it was difficult to match the target myotubes with their GLUT4 translocation activity after fixation 
process because it is hard to seek the ‘‘contracted target myotubes’’ on the culture dish during the electrical 
stimulation.  Therefore, the averaged GLUT4 translocation activity of all cultured cells was detected by the western 
blot analysis, which would underestimate the true activity of the contractile myotubes.  Our device made it possible 
to easily identify the GLUT4 translocation activity of the contracting myotubes for the first time, by artificially 
patterning and locally targeted stimulation of the myotubes on the gel sheet.  Furthermore, by patterning myotube 
lines subjected to different stimulation conditions next to each other, high-contrast imaging of the contraction effect 
on GLUT4 translocation in myotubes was achieved.  This device would be applicable for quantitative bioassays of 
various contraction-induced metabolic alterations in myotubes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Localized chemical dose into a fibrin gel using a microfluidic device 

The myotube/microelectrode 
gel sheet can be combined with 
a microfluidic channel by 
simply stacking a microchannel 
layer on the gel as shown in 
Figure 4(A). The chip consists 
of four layers: a PDMS top 
layer, a silicone rubber middle 
layer with stenciled 
microchannel pattern, a 
myotube/fibrin gel layer set in a 
silicone frame, and 
Microelectrode bottom layer.  
Fig. 4(B) shows the micrograph 
of myotube line patterns in the 
microchannel and Figure 5(A) 
shows the illustration of the 
device cross-section.  The 
microchannel was attached on 

Figure 2. Contractile displacement of 

myotube line pattern when stimulated 

with 1 Hz or 40 Hz of electrical pulses. 

Figure 3. Phase-contrast (A) and fluorescent micrograph 

(B) of myotube line patterns locally stimulated using the 

aligned microelectrodes. GLUT 4 was stained with 

Alexa-594 conjugated anctibody. 

Figure 4. (A)Structure of the myotubes/microelectrode gel sheet combined 

with the microfluidic channel. (B) Phase-contrast micrograph of the myotube 

line patterns in the microchannel. 
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the surface of the fibrin gel and the myotubes 
were located on the bottom surface of the gel 
contacting with the microelectrodes.  This 
structure has an advantage for avoiding direct 
subjection of the cells to the fluidic shear 
stress.   

Fig. 5(B) demonstrated localized chemical 
dose into the fibrin gel using the device.  
Two-phase laminar flow of fluorescein 
solution (left half of the channel, the source 
flow) and water (right half of the channel, the 
sink flow) was formed in the microchannel.  
Fluorescein diffused from the source flow into the 
fibrin gel while the dye diffusing into the gel over 
the laminar flow interface was flushed out by the 
sink flow, resulting in successful localized 
delivery of the dye into the gel as shown in Fig. 
5(B).  

In this study, we have developed a micropatterned myotubes/fibrin gel-based bioassay system combined with 
analytical microdevices.  Combination with a PEDOT microelectrode array chip enabled arbitrary control of 
micropatterned myotubes contraction with localized electrical stimulation, resulted in high-contrast imaging of 
contraction-induced GLUT4 translocation phenomena in myotubes. The microfluidic chip made it possible to 
administer chemicals in 3-dimentionaly localized area avoiding direct subjection of the cells to the fluidic shear 
stress.  These devices would easily permit focusing the stimulation site on a desired specific tissue construct, such 
as a neuromuscular junction formed in a neuron–skeletal muscle cell co-culture in the future study. 
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Figure 5. (A) Illustration of the device cross-section. (B) 

Fluorescent micrograph of the device cross-section when 

two-phase laminar flow of fluorescein solution and water 

was formed in the microchannel. 
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ABSTRACT 

In this work, we present micro containers for drug delivery and a method for wafer scale filling utilizing hot 
embossing. Hot embossing of a polymer drug matrix followed by a deep reactive ion etch (DRIE) enables filling and 
release of individual micro containers. Finally, drug release from the embossed polymer drug matrix is shown.     
 
KEYWORDS Drug delivery, Hot embossing, micro container. 
 
INTRODUCTION 

Advances in microtechnology and pharmaceutical engineering have led to the proposition of micro containers as 
carriers for oral drug delivery [1] [2] [3]. Micro containers can be used for oral administration and are able to protect 
drug from degradation during transit of the gastro-intestinal tract. Further they will enable one-directional drug release at 
the site of absorption and can thereby enhance the bioavailability of drugs. 

Traditionally, micro containers are filled by micro spotting or microinjection [2]. The techniques require liquid 
solutions and are time consuming. Alternatively, micro containers are filled using hydrogels, a batch method involving 
several process steps such as deposition, cross-linking, washing, and swelling [2] [3]. Our method enables an easy 
integration of filling of solid drug formulations into micro container during the fabrication process.  

 
THEORY 

Hot embossing is a technique by which an amorphous or semi-crystalline material is molded with a stamp to achieve 
a wanted shape. Hot embossing is possible due to lowering of the Young’s moduli of materials when the temperature 
approaches the melting point, Tm. The point where the softening sets is known as the glass transition temperature, Tg. The 
glass transition is a reversible transition from a hard state into a molten state. Hot embossing takes advantage of that 
reversible process by molding the material above the Tg and below the Tm. A stamp is used to mold the material in the 
desired shape by pressing the stamp in the material. Once the stamp is filled with material, the system is cooled below the 
Tg, thus hardening the material before the stamp is withdrawn.  

 
EXPERIMENTAL 

The micro containers are fabricated in SU-8 by a two step photolithography process using a silicon wafer as substrate, 
as shown in figure 1. The micro containers have an outer diameter of 300 µm and an inner diameter of 200-250 (design 
variation). The total height is measured to be 105±5µm with a container depth of 60±5µm. The polymer-drug film is 
fabricated by spin coating of a solution of polycaprolactone (PCL) and furosemide (furosemide is a diuretic drug used for 
the treatment of e.g. edema) on a silicon wafer with a fluorocarbon anti-sticking coating [4]. The solution consists of 20 
ml dichloromethane, 40 ml acetone, 8 g PCL, 2 g furosemide. The spin coating parameters are 1000 rpm for 60 s with a 
ramp of 2000 rpm/s. The resulting film is 15 µm thick. To achieve the desired thickness of 45 µm, the spin coating 
procedure is performed 3 times. 

Figure 2 shows the major process steps in the micro container filling. First, the polymer-drug film is embossed into 
the micro containers at a temperature of 60 ºC and a force of 15 kN for 1 hour, figure 2.1. Embossing at 60 ºC, which is 
just below the melting point of PCL, ensures an optimal hot embossing and pattern transfer [4]. The system is then 
cooled to 20 ºC and the silicon wafer is removed, as shown in figure 2.2 and figure 3. The anti-sticking coating ensures 
that separation takes place between the coating and the polymer-drug film. The next process step is a deep reactive ion 
etch (DRIE) that separates the micro containers from the excess polymer-drug film, figure 2.3 and figure 4. The etching 
is performed with a DRIE using the following parameters for an anisotropic etch: O2 flow of 20 sccm, Ar flow 20 sccm, 
platen power 150 W, coil power 600, pressure of 4 mTorr, temperature of 10 ºC and time of 12 min. Finally, the 
individual containers are detached from the carrier wafer mechanically, figure 2.4. 

Drug release of the embossed polymer drug matrix is performed using a Pion µDISS profiler that utilizes UV 
spectroscopy to measure concentration over time. The drug release is performed using the biorelevant dissolution media 
Fasted State Simulated Intestinal Fluid (FaSSIF), to simulate the gastrointestinal fluids, and with a pH that is adjusted 
to pH 6.5 before the release. Experiments are conducted in beakers containing 10 ml FaSSIF media held at a temperature 
of 37 ºC. 
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RESULTS & DISCUSSION 

The result of the fabrication process is SU-8 micro containers filled with a film consisting of polycaprolactone and 
furosemide, as shown in figure 5. The method is demonstrated to work on wafer scale level with 4 inch wafers. Our 
method for filling containers with a drug matrix can be applied to any polymeric drug that presents the following 
fabrication requirements. . The Tg of the polymer drug matrix must be lower than the one of the micro container material. 
The embossing temperature should be in-between the Tg polymer drug matrix material and the Tg of micro container 
material. This ensures a reflow of the polymer drug matrix without effect on the structural stability of the micro 
containers. Furthermore, the embossing temperature should not exceed Tm of the components to allow separation of the 
embossed stack following the cooling process. 

Drug release test is performed on the embossed drug matrix, as shown in figure 6 together with the release curve for 
crystalline furosemide powder and an amorphous spray dried furosemide powder. For the embossed polymer drug matrix 
more than 95% of the furosemide is released within the first 30 minutes. The release of the embossed polymer matrix 
shows improved drug release compared with crystalline furosemide. The release resembles the fast release seen from the 
amorphous furosemide. It is known that amorphous furosemide dissolves faster than crystalline [6], thus the furosemide 
in the embossed filmed exhibits amorphous characteristics. X-ray diffraction spectroscopy confirms the morphology and 
shows that the PCL furosemide films are amorphous before and after the embossing.    
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Figure 3. Wafer with micro containers after 
polymer drug matrix embossing. 

Figure 4. SEM image showing polymer drug 
matrix embossed into micro containers and 
etched by DRIE. 

 

Figure 1. SEM image showing micro containers 
fabricated in SU-8 by a two step 
photolithography process 

Figure 2. Micro container filling process. 1-2 
Embossing polymer drug matrix into containers and 
removing the carrier wafer. 3 Etching of polymer 
drug matrix. 4 Mechanical release of containers 
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CONCLUSION 

We have shown that it is possible to integrate filling of micro containers as part of the fabrication on a wafer scale 
level, thus enabling high volume production. The embossed PCL furosemide film shows fast drug release and the 
furosemide is found to be amorphous. Further development of micro containers for drug delivery includes the addition of 
a lid for controlled release and the exchange of SU-8 as container material with a biodegradable polymer 
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Figure 5. SEM image of released micro container 
filled with polymer drug matrix. The micro 
container is placed on carbon foil for ease of 
handling. 

Figure 6. Release curve of embossed furosemide 
polycaprolactone matrix showing cumulative release. 
As a reference the cumulative release for an 
amorphous furosemide powder and a crystalline is 
plotted. Release test is performed with pion µdiss 
profiler. Standard curve R2 value of 0.996. 
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ABSTRACT 

The miniaturization of high throughput screening has been a growing trend in the field of drug discovery. This 
paper described a fully-automated droplet microarray system capable of performing high-throughput screening for 
large number of different samples with ultra-low consumption in the picoliter range. The droplet microarray was 
automated generated by first forming picoliter droplets from 384-well plate for storage of different samples and 
reagents using droplet assembling strategy, and then deposited the droplets on a picowell microchip for parallel 
reaction and detection. This system was applied to screen inhibitors of capases-1 from a 32-compound library with 
an extremely low sample/reagent consumption of 200 pL for each screening reaction. Compared to traditional 96 or 
384-well plate-based drug screening systems, a 10,000-100,000 fold reduction in reaction-volume was achieved. 

 
KEYWORDS 
High throughput screening, Droplet microarray, Picoliter 

 
INTRODUCTION 

Currently, 500,000 and more discrete chemical compounds are often necessary to be screened against specific 
targets to identify a lead compound in drug discovery research. The miniaturization of the screening assay has 
become a growing trend in order to reduce the research cost [1-2]. Droplet-based microfluidics holds great potential 
for drug screening by minimizing biological and chemical assay in pico-nanoliter droplets. However, in most droplet 
system, the droplets are generated with identical composition, which are not suitable for screening of large amount 
of chemical compounds. To address this challenge, we have developed a flexible droplet manipulation system 
namely DropLab by assembling composite droplets and performing screening assay [3]. In this work, we further 
developed this system into two-dimensional microarray form and applied it to screening enzyme inhibitor and 
profiling the IC50 value from a large amount of chemical library. 

 
EXPERIMENT 

The operation procedure was illustrated in Figure 1. A tapered capillary connected with a high-precision syringe 
pump was used for droplet metering, mixing and depositing. A 384-well plate fixed on a xyz-stage served as the 
storage container for enzyme, substrate, and compound library. A picowell microchip covered with oil was used for 
droplet reaction and detection (Figure 2). Droplet assembling was performed by moving the xyz stage to allow the 
capillary tip to immerse into the enzyme, inhibitor and substrate solution in 384-well plate sequentially. The 
assembled droplet was then deposited on the multi-picowell chip to form the droplet microarray. Finally, the 
microarray was incubated and detected with fluorescence detector. 

 

  (A) 

(C) 

(B) 

(D) 

Capillary 

384-well plate 

Enzyme Inhibitor 

Substrate 

Picowell plate 

 Droplet Array 

 

Oil 

 
 

Figure 1. Schematic drawings showing the operation procedure of high throughput screening of enzyme inhibitors 
with droplet microarray system. 
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Figure 2. (A) View of the high-density picowell array microchip. (B) Microscopic images of droplet array with 
different dyes on the microchip. The volume of the droplets is 510 pL. 
 
RESULTS AND DISCUSSION 

We applied the droplet microarray system to screen inhibitors of caspase-1 to demonstrate its potential in drug 
screening. Caspases have shown to play key roles in apoptosis induced by various deleterious and physiologic 
stimuli. Inhibition of caspases could be a possible treatment of apoptosis related disease. We performed the screening 
assay with a library containing 32 compounds (100 µM). Each droplet containing 200-pL enzyme, 200-pL 
compound, and 200 pL substrate. As shown in Figure 3, three compounds were identified as inhibitors (Num. 28, 30, 
32). We also applied the droplet array in the determination of IC50 value for an identified inhibitor (Num. 28). Eight 
different concentrations of the inhibitor ranging from 0 nM to 100 µM were tested. The IC50 value was calculated to 
be 46.8 ± 3.1 nM (Figure 4). 

 

 
 

Figure 3. Screening of caspase-1 inhibitors from a 32-compound library with the droplet microarray system. The low 
fluorescence intensity spot shows high inhibition efficiency. 
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Figure 4. Determination of the IC50 value for an identified inhibitor (Num. 28 as shown in Figure 3). (A) Fluorescent 
image of the droplet array with 8 different concentrations of the inhibitor ranging from 0 nM to 100 µM. (B) 
Dose-response curves of the inhibitor. The IC50 value was calculated from the fitted curves (red line). Each droplet 
containing 200 pL inhibitor, 200 pL enzyme and 200 pL substrate. 
 
CONCLUTION 

In summary, the droplet microarray system is proven to be a promising platform for ultra-small volume and high 
throughput screening. Compared with other droplet-based screening system, the present droplet microarray system is 
naturally suited to perform screening experiments with large amount of samples. Further applications of the droplet 
microarray system include protein crystallization screening, enzyme evolution, combinatorial chemistry, and single 
cell analysis. 
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3D TUMOR SPHEROID CHIP  
USING BALANCED DROPLET DISPENSING  

FOR PHARMACOKINETIC DRUG ELIMINATION MODEL

Taeyoon Kim, Il Doh, Hye-Jin Jin, and Young-Ho Cho 
Korea Advanced Institute of Science and Technology (KAIST), Republic of Korea 

ABSTRACT 
This paper presents a three-dimensional (3D) tumor spheroid chip where the pharmacokinetic (PK) drug 

elimination model is developed by balanced droplet dispensing. The PK model should reflect the exponential 
decrease of drug concentration in a body to improve the reliability of cell-based screening assay. The previous cell 
chips, however, maintain the concentration of anti-cancer agents at constant or discretely decrease the concentration 
level by manual process. In the present chip where medium droplet dispensers are integrated on a well array, the 
small droplets of fresh medium and well waste are autonomously replaced each other, the exponential elimination of 
drug concentration in the well is provided. In the experimental study, we demonstrated that the present chip 
successfully develops the exponential elimination model using fluorescein isothiocyanate (FITC). The present chip 
has potential for analyzing the response of 3D tumor spheroids in the pharmacokinetically relevant drug elimination 
model for high-reliability spheroid-based drug screening chip. 
 
KEYWORD 

Balanced Droplet Dispensing, Pharmacokinetic Drug Elimination Model 
 

INTRODUCTION
High-reliability anti-cancer drug screening is important to select optimized drug candidates among numerous 

agents for effective cancer chemotherapy. In screening process, the cellular response to various anti-cancer drugs and 
its combination is analyzed. In order to improve the reliability of the in vitro cell-based anti-cancer drug screening, 
the pharmacokinetic (PK) parameters of the drug should be considered so that the screening results can precisely 
reflect the time course effects of drugs to tumor [1]. In general PK models of drugs, body consists of several 
compartments [2] and the drug concentration in plasma or serum is generally regarded as the exponentially 
decreasing model due to the reaction of a drug within or between the compartments as shown in Fig. 1 (solid line). 
The previous cell-based drug screening chips, however, characterized the cellular response to anti-cancer agents 
without any chemical dilution of drug. The drug concentration in these chips shows the constant value throughout 
the drug screening process as the dashed line in Fig.1. In the some other cell-based screening methods [3,4], the 
drugs were manually diluted by the periodic medium renewal. However, the manual medium renewal process is 
time-consuming and results in the well contamination and large deviation of measured results caused by human 
factors. In addition, the medium renewal at the specific interval results in the discrete reduction of drug 
concentration (dotted line), different from the continuous exponential profile in the PK model (solid line). In this 
work, we present 3D spheroid chip capable to apply the exponential drug elimination model in Fig.1 (solid line) 
based on the balanced droplet dispensing. Since the small droplets of fresh medium and well waste are 
autonomously replaced each other, the exponential decrease of drug concentration in the well is obtained. This paper 
focuses on the design and experimental demonstration of the 3D tumor spheroid chip for analyzing the response of 
spheroids to the anti-cancer drug in the PK model of exponential drug elimination. 

 

 
 

 
 

 

 
Figure 1: Comparison of the drug elimination models in 
the previous and present works.

Figure 2. Cross-section view of 3D tumor spheroid 
chip using the balanced droplet dispensing.
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DESIGN AND FABRICATION 
The present chip (Fig.2) consists of two Polydimethylsiloxane (PDMS) layers. In the balanced droplet dispensing 

(Fig.3), the hydraulic-head difference, Δh, between the well-inlet and drain-outlet, cause the removal of a waste 
droplet at the drain [5,6]. The decreased pressure in the well due to volume expansion provokes a fresh medium 
droplet supply from the dispensing layer. Therefore, the medium droplet is autonomously supplied to the well in the 
exact amount of the removed waste droplet without any pumps.  

In Fig.3, the wells are initially filled with a drug at the specific concentration of C0. Then, the drug solution in the 
well is gradually diluted based on the balanced medium droplet dispensing. Assuming that the medium droplet 
supplied from the droplet dispenser results in an uniform drug concentration, C, in the well, we derive the 
differential equation of Ċ(t)+QC(t)/V=0 where Q and V are the perfusion rate and well solution volume, respectively. 
By solving the equation, the drug concentration, C, is expressed as an exponential function of C(t)=C0exp(-Qt/V). As 
a result, the balanced droplet dispensing realized the pharmacokinetically relevant exponential drug elimination 
model [1]. 

Figure 4 shows the fabrication process for the prototype of Fig.5. Both droplet dispenser and well layer were 
fabricated from the molding and bonding processes of two PDMS plates. The fabricated droplet dispenser layer and 
well layer were sterilized by an autoclave and dried overnight. The bottom surfaces of the wells were treated with 
2% (wt) bovine serum albumin (BSA) solution for 1hr at room temperature to prevent the non-specific binding. 
Finally, we stacked the PDMS layers and tightly sealed them using an acrylic jig with bolted joint. 

 
EXPERIMENTS 

To demonstrate the capability for the exponential drug elimination, we measured the concentration profile of 
fluorescein isothiocyanate (FITC) gradually diluted from the balanced medium droplet dispensing. We supplied 
140μl of FITC solution in the wells, and perfused the medium at the rate, Q, of 0.1μl/min using the balanced droplet 
dispensing. Then we collected the FITC solution from the drain outlet and measured the fluorescence intensity at the 
intervals of 1 day for the total duration of 5 days. Figure 6 shows the measured relative FITC concentration as a 
portion of the initial value during the medium perfusion for 5 days. The average and standard deviation of the FITC 
concentration were obtained from three measurements. Based on Eq.(3), the half-life, t1/2, of the FITC is calculated 
as 16 hrs for the well solution volume, V, of 140μl and the perfusion rate, Q, of 0.1μl/min. In the previous 
pharmacologic study [7], the half-life of in-vivo cisplatin administration was measured as 21.7±14.1 hrs. Therefore, 

 

 
Figure 3. Balanced droplet dispensing for exponentially decreasing drug concentration. 

 
 

 
 

85mm

56mm

Figure 4: Fabrication process. Figure 5. Fabricated 3D tumor spheroid chip. 
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further modification of the well solution volume, V, and the perfusion rate, Q is required to precisely adjust the 
present half-life to that of in-vivo profile. As a result, we observed that the measured FITC concentration profile 
agrees well with the exponential function. Therefore, we experimentally verified that the present chip implements 
the exponential drug elimination in the one-compartmental PK model using the balanced droplet dispensing. 

  
 

 
Figure 6. The exponentially decaying relative FITC concentration depending on the perfusion duration, illustrated 
by the inserted fluorescence images. 

 
 

CONCLUSION 
We proposed and demonstrated the 3D tumor spheroid chip for the drug-response analysis of spheroids in the PK 

drug elimination model developed by balanced droplet dispensing. The present chip achieves the drug-response 
analysis of 3D tumor spheroids in the pharmacokinetically relevant drug elimination model for highly reliable 
spheroid-based drug screening chip. 
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MEMBRANE FORMED IN A GLASS MICROFLUIDIC DEVICE
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ABSTRACT 

In this study, we described a glass microfluidic device that enables exchange of the buffer solution without breaking 
the formed lipid bilayer membrane (LBM) for a long period of time (over 24 hrs). We confirmed that the glass device 
contributed long-term stability of the formed LBM that allows monitoring transmembrane phenomena in the LBM: the 
phenomena of the spike-like emission were observed by using calcium indicators (Fluo3) under a fluorescent micro-
scope. This result suggest that α-hemolysin known as nano-pore membrane protein was successfully reconstituted into 
the LBM. We expect that these results are important for the long-term analysis of the membrane proteins which is use-
ful for drug screening and drug kinetics research. 
 
KEYWORDS: Lipid bilayer membrane, Glass microfluidic chip, Membrane protein 

 
INTRODUCTION 

The analysis of the membrane protein is important for drug screening and drug kinetics research. The membrane pro-
teins keep their activities only within lipid membranes such as cell membranes or organelles [1], which is a technically 
tough hurdle to used them for the membrane protein study. Therefore, we have been investigating a method using mi-
crofluidics technology to achieve ease of analysis of the membrane proteins. We recently developed a PDMS-
microfluidic device consisting of  micrometer-sized arrayed chambers, on which lipid membranes are formed by incor-
porating with membrane proteins such as α-hemolysin [2]. Moreover, we improved to use glass substrate as a material 
of a microfluidic device that prevents absorption of fluid into the substrate, providing a stable membrane formation and 
inserting a membrane protein (α-hemolysin)  by microfluidic techniques in the device [3]. To analyze the activity of the 
membrane protein (i.e. ion-channels and transporters) inserted into the formed membrane, the device need to have a 
function of altering the chemical/physical condition of both side of the membrane. However, conventional device allows 
only one-way access to the formed membrane. Therefore, in this study, we designed the microfluidic glass device hav-
ing a feature of two-way access to the formed LBM (Fig. 1). We also performed LBM formation over the apertures and 
analyzed transmembrane phenomena by using calcium indicators. 
 

 
 
Figure 1: Concept of our two-way access glass microfluidic device. (a) Schematic diagram of the device. The LBM 
formed on the aperture between two main channels enables visualization of reagent transportation through membrane 
proteins incorporated in the LBM.  (b) Macroscopic view of the fabricated glass microfluidic device. 
 
EXPERIMENTAL 

Fabrication of the glass microfluidic device 
The schematic diagram and the image of the glass microfluidic device are shown in Fig. 1 and Fig. 2a. We etched a 

glass substrate by magnetic NLD (neutral loop discharge, NLD-5700Si, ULVAC Inc.). Due to the magnetic neutral loop, 
higher density of glass-etching plasma of carbon fluoride gas is realized even at a lower pressure [4]. After the etching, 
we thermally bonded the etched glass substrate with another bare glass substrate (Fig. 2b). The concept figure of the 
two-way access glass microfluidic device is shown in Fig. 2a. 
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Figure 2:  Our two-way access glass microfluidic device enabling continuous exchange buffers. (a) The concept figure 
of a device. Lipid flow in the device from a inlet2. Buffer1 and buffer2 flow in the device from a inlet1. Buffer3 and 
Buffer4 flow in the device from a inlet3. (b) Thermal bonding is performed after the surface cleaning of glass. (c) Pro-
cedures of the LBM formation incorporated with membrane proteins at the apertures and analysis of transmembrane 
phenomena by using calcium indicators (Fluo3).  
 

Fabrication of the lipid bilayer membrane 

The LBMs were formed on apertures as follows. First, a lipid-hexadecane solution (15 mg/ml of DPhPC, Avanti Polar 
Lipids, Inc.) was injected into the glass device from inlet 2. Second, a pure buffer solution (buffer1 and buffer3) were 
injected into the glass device from inlet1 and inlet 3. Third, a protein-containing (a nanopore protein α-hemolysin at 10 
μg/ml, Sigma-Aldrich) aqueous buffer (HBSS-14025, 1.26 mM CaCl2, 5.33 mM KCl, pH6.7-7.8, Life Technologies 
Corporation.) solution (buffer2), and the Fluo3-containing (calcium indicator Fluo3, 200μg/ml, Dojindo Molecular 
Technologies, Inc.) aqueous buffer (HBSS-14190,  5.33 mM KCl, pH7.0-7.2, Life Technologies Corporation.) solution 
(buffer4) were injected into the glass device from inlet1 and inlet3 (Fig. 2c). The respective injection rates were 1 

μl/min (lipid), 0.1μl/min (buffer1,2,3,4). Then membranes were formed on apertures in the microfluidic device. Since 
the α-hemolysin forms an open-state nanopore, we expect that transmembrane phenomena can be observed by using 
calcium indicators (Fluo3) by analyzing fluorescent intensity in the main channels  under the fluorescent microscope 
(Fig. 2c). 
 

RESULTS AND DISCUSSION 

First, we observed the life time of the LBM formed between apertures using a microscope. As shown in Fig. 3a, we 
confirmed that the formed LBM was stable for over 24 hours at the glass device. Next, we carried out the protein recon-
stitution experiment. Briefly, we evaluated nano-pore formation of  α-hemolysin on the LBM by fluorescent emission 
caused by combination of Fluo-3 and calcium ions. We observed fluoresence in the micorchannel near the apertures, 
and measured the fluorescent intensity (Fig. 3b). We detected three-spike like fluorescent emission, indicating in trans-
portation of calcium ions into the buffer 4 side through the nanopores of α-hemolysin from the buffer 2 side. We sug-
gest that this result indicates successful incorporation of α-hemolysin into the LBM observed. However, fluorescence 
intensity fell rapidly after fluorescence about 20 seconds. α-hemolysin may be de-constituted out from the LBM. 
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Figure 3: Formation of a LBM at the aperture in the device and characterization of transmembrane phenomena in the 
LBM. (a) Microscopic views of the formed LBM after 0 and 24 hours. (b) Time-dependent fluorescent intensity of the 
micro channel of buffer1 side (in dotted white line region) after forming the membrane incorporating membrane pro-
teins. Higher fluorescence intensity was observed. The events might correspond to the incorporation of an α-hemolysin 
into the membrane. 
 

 

CONCLUSIONS 

In this study, we confirmed that the glass device contributed to long-term stability of the formed lipid bilayer mem-
branes that enables monitoring transmembrane phenomena in the LBM in microcfluidic device. Since our two-way ac-
cess device allows altering the chemical/physical condition of both side of the LBM, we believe that our device will be 
useful for multifunctional analysis of membrane proteins. 
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HIGH-THROUGHPUT BIOPHYSICAL MEASUREMENT OF HUMAN RED 
BLOOD CELLS 
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ABSTRACT 

This paper reports a micro system capable of performing biophysical measurements on human red blood cells (RBCs) 
both at a high speed (100-150 cells/second) and with a high throughput. Electrical impedance measurement is made when 
single human RBCs flow through a constriction channel that is marginally smaller than RBCs’ diameters. The multiple 
parameters quantified as mechanical and electrical signatures of each RBC include transit time, impedance amplitude 
ratio, and impedance phase increase. Scatter plots compiled from 84,073 adult RBCs and 82,253 neonatal RBCs reveal 
different biophysical properties cross samples and between the adult and neonatal RBC populations. 
 
KEYWORDS  
Red blood cells, High throughput, Deformability, Electrical impedance.  

 
INTRODUCTION 

The mechanical property of RBCs is essentially determined by the membrane skeleton, and the interaction between 
the membrane skeleton and membrane integral proteins. The high deformability of normal RBCs enables them to pass 
capillaries that are smaller than the diameter of RBCs. A range of diseases have been described in association with 
impaired RBC deformability, such as sepsis, malaria, sickle cell anemia (hemoglobin disorder), and myocardial ischaemia 
and microvascular dysfunction. In the meanwhile, the electrical properties of RBCs have also been correlated to 
pathological conditions. For example, the ion channel conductance of malaria parasite infected RBCs is lower than the 
uninfected RBCs due to the blockage of ion channels by the parasites. Compared with previously reported micro devices 
for cellular biophysical characterization, this design has distinct advantages. Firstly, almost all electrical field lines are 
forced to penetrate RBCs’ membrane and hemoglobin inside, making the device more sensitive to minute biophysical 
differences as compared to [1]. Secondly, our measurement is purely electrical and truly permits high-throughput (vs. 
high-speed [2]) measurements. Thirdly, no sheath flow is required on our device and hence, simpler fluidic flow control. 
Since the constriction channel is smaller than the diameter of RBCs, only a single RBC is permitted by the system to pass 
through the channel in a given time instance. 

 
THEORY 

 
Fig. 1(a) shows the schematic diagram of the single RBCs biophysical characterization system. Two Ag/AgCl non-

polarizable electrodes connected to the function generator and the lock-in amplifier were inserted into the inlet and outlet 

Fig. 1(a) Schematic of the microfluidic system for electrical and mechanical characterization of 
RBCs. (b) Measurements are made when an RBC passes through the constriction channel. (c) 
Equivalent circuit model of the system.
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ports of the microfluidic device. The analog outputs of the lock-in amplifier were sampled with a 16-bit DAQ card and 
data capture software. Dilute blood sample was pipetted into the inlet reservoir of the device and driven through the 
constriction channel by hydraulic pressure difference (see Fig. 1(b)). Fig. 1(c) shows the equivalent circuit model. As 
RBCs pass through the constriction channel, the current change of the circuit loop is sensed via input impedance of the 
lock-in amplifier, amplified and recorded by the data capture software. A processing algorism was used to extract the 
transit time (the time duration taken by a cell to travel through the constriction channel, △T), the amplitude ratio (the ratio 
between the lowest amplitude value captured during cell’s squeezing through the constriction channel and the amplitude 
value with no cell in the constriction channel, (A- ΔA)/A), and the phase difference between with cells and without cells,  
∆Ф were quantified as RBCs’ mechanical and electrical property indicators.  
 

ELECTRICAL MEASUREMENT  

 
A sinusoidal voltage (100 kHz @1.0 Vpp) was applied to the two Ag/AgCl electrodes. When an RBC is aspirated into 

the constriction channel, it blocks electric field lines and causes the current in the circuit loop to drop. Fig. 2 shows 
amplitude profiles of a single RBC, two RBCs, a single platelet, and a single WBC (white blood cell) within the 
constriction channel. The throughput of our system is 100-150 cells/second. The variation in throughput depends on cell 
density differences across patient samples. A threshold is defined as 98% of the basal amplitude (the amplitude without 
cell presence in the constriction channel) (see Fig. 2(a)). Comparing a signal and the threshold amplitude value, the 
portions where the signal’s amplitude is lower than the threshold value were considered as cell passage regions. A 
quadratic polynomial peak detector was used to detect the valleys within the cell passage regions. More than one valley 
within a cell passage region suggests the passage of more than one cell (see Fig. 2(b)). The time period between the two 
intercepts with the threshold value was interpreted as cell transit time (△T), which is determined by the cell’s size and 
mechanical stiffness. The amplitude ratio ((A-△A)/A) (see Fig. 2(a)) and the phase increase (△Ф) were quantified as the 
cell’s electrical signatures.  

 
RESULTS AND DISCUSSION 

Our microfluidic system (frequency: 100 kHz, pressure difference: 3 kPa, constriction cross-section area: 3μm × 5μm) 
tested adult RBCs (5 samples, ~16,000 cells/sample) and neonatal RBCs (5 samples, ~16,000 cells/sample). As discussed 
earlier, WBCs and platelets were easily distinguished from RBCs using their distinct amplitude ratio. Additionally, the 
occurrence of two or more RBCs (vs. single RBCs) inside the constriction channel at the same time was rather rare 
(<5%). Fig. 3 shows the 3D scatter plot of transit time vs. amplitude ratio vs. phase increase of all adult RBCs (n=84,073 
from 5 adult samples) and neonatal RBCs (n=82,253 from 5 newborn samples). The ellipses in the figure track the 
standard deviation of the distribution. RBC classification success rates based on neural network pattern recognition were 
76.2% (transit time + amplitude ratio), 78.1% (amplitude ratio + phase increase), 77.9% (phase increase + transit time), 

Fig. 2 Experimental amplitude profiles: (a) a single RBC, (b) two RBCs, (c) a single 

platelet, and (d) a single WBC within the constriction channel. 
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Fig. 4 (a) Amplitude ratio as a function of RBC volume. 
(b) Transit time as a function of RBC volume.

 

Fig 3. 3D scatter plot of transit time vs. amplitude ratio vs. 
phase increase. Adult RBCs (n=84,073 from 5 adult samples), 
neonatal RBCs (n=82,253 from 5 newborn samples). 

 

and 84.8% (amplitude ratio + phase increase + 
transit time), suggesting multiple parameters 
(transit time, amplitude ratio and phase increase), 
when used in combination, can provide a higher 
cell classification success rate. Besides the 
success rate of 84.8%, sensitivity (true 
positive/(true positive + false negative)) and 
specificity (true negative/(true negative + false 
positive)) were 80.2% and 89.2%, respectively. 
The neural network classification results also 
indicate that each of the three parameters can 
reflect unique properties of RBCs, leading to 
higher classification success rates when used in 
combination.  

Fig. 4(a) reveals a linear trend between the 
amplitude ratio and the cell volume for both 
adult RBCs and neonatal RBCs with different 
slopes. This can possibly be related to the higher 
hemoglobin density inside neonatal RBCs. As 
shown in Fig. 4(b), transit time as a function of 
RBC volume can be fitted into a single line for 

both adult RBCs and neonatal RBCs indicating that the transit time difference for adult RBCs and neonatal RBCs were 
mainly caused by their volume difference.  

CONCLUSION  
This paper presented a microfluidic system capable 

of measuring multiple biophysical parameters on single 
RBCs. Compared with previously reported microfluidic 
devices for single RBC biophysical measurement, this 
system has a higher throughput (100-150 cells/second), 
higher signal to noise ratio, and the capability of 
performing multi-parameter measurements. The 
microfluidic system may have potential applications in 
drug efficacy tests and RBC property characterization 
relevant to clinical conditions. Pattern recognition 
confirmed that a combination of measurements of transit 
time, electrical impedance amplitude, and impedance 
phase resulted in a high success rate in classifying 
fetal/neonatal and adult RBCs.  Further improvement in 
the achieved 89.2% specificity and 80.2% sensitivity for 
cell classification would enable diagnostic applications 
such as rare fetal RBC enumeration in adult blood. 
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STUDY OF AXON-GUIDANCE INTERACTIONS IN CONTROLLED  
MICROFLUIDIC ENVIRONMENTS 
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ABSTRACT 
Developing axons are directed along specific pathways by the reiterative use of a relatively small number of envi-

ronmental-chemical cues to create precise-wiring patterns. The increasing appreciation of the complexity of signaling in-
teractions between these small number of cues emphasizes the need for tools that would allow guidance-factor-gradient 
delivery to growing axons in a controlled-combinatorial manner for deciphering their guidance code. We report the de-
velopment of an open-chamber-microfluidic platform that permits mammalian-explant culture and provides an isolated 
environment for exposing axons, emerging from explants, to stable gradients. Our device substantially extends capabili-
ties for chemical interactions with cultured axons enabling quantitative-neurobiological investigations. 

KEYWORDS: Axon guidance, Neural development, Microfluidics, Visual system, Retinal ganglion cells 

INTRODUCTION 
Visual information is relayed from the eye to the brain by the axons of the retinal ganglion cells (RGCs). During de-

velopment, these axons navigate unerringly to reach and form connections with their targets in the brain. Due to its rela-
tively simple anatomy and topographic mapping pattern (between axonal projections from the retina and visual targets in 
the brain), the developing visual system has been studied extensively to identify the players involved in axon-pathfinding 
decisions. Several families of ligand-receptor signaling systems, highly conserved between sensory pathways and spe-
cies, have emerged. These include the Ephrins-Ephs, netrins-DCC (deleted in colorectal carcinoma)/UNC5, Slits-Robos 
(roundabouts), and Semaphorins-Neuropilins/Plexins. Furthermore, secreted factors, such as Sonic hedgehog (Shh), fi-
broblast growth factors, bone morphogenetic proteins, and Wnts, have also been implicated as key regulators of this deci-
sion-making process [1].  

Despite identification of many ligand-receptor families and the associated second-messenger signaling cascades, un-
raveling the mechanisms guiding developing RGC axons remains challenging. An emerging theme is that a small number 
of extracellular cues are used reiteratively along intermediate points of the optic pathway to help axons navigate their 
complex milieu. This is achieved by multiple identities espoused by an individual cue to modulate the axonal response. 
Chemical cues can be either attractive or repulsive, or both [2], and can act at variable distances, such that the same cue 
can serve as both a short-range and a long-range signal [3]. Guidance cues, more often than not, work in a combinatorial 
fashion, rather than in isolation, to precisely direct the trajectory of a growing axon. Redundancies are also put in place to 
help correct any errors that might occur. In summary, a key challenge to understanding RGC axon-guidance mechanisms 
lies in the unraveling of this complex multi-identity, combinatorial, co-operative, and redundant relationship that exists 
between extracellular cues, their receptors, and triggered signaling pathways. Further refinement of the guidance code 
used by RGC axons will advance our understanding of the developing visual system and offer insights into the general 
principles governing the precise wiring pattern of the nervous system.  

This paper focuses on the development of microfluidic technologies for exposing developing RGC axons to con-
trolled gradients of multiple guidance factors in an attempt to provide quantitative descriptions of RGC axon guidance 
mechanisms. 

 
THEORY 

The discovery of guidance cues followed by the increasing appreciation of the complexity of signaling interactions 
between these relatively small number of cues emphasizes the need for tools that would allow delivery of gradients of 
guidance factors to growing RGC axons in a controlled, combinatorial, and quantitative fashion for further deciphering 
their guidance code. In recent years, a number of researchers have exploited fluid-control capabilities of microfabricated 
systems to create stable concentration gradients within cell cultures on the micrometer scale [4-6]. In these approaches, 
laminar-flow streams, with sharp interfacial boundaries, can be targeted to specific subcellular regions [6] or multiple 
streams can be brought into confluence to create varying concentration profiles [4, 5]. These approaches have been wide-
ly used for studying polarized cellular events, such as cell migration [6, 7] and differentiation [8, 9]. 

Despite these advantages, the microfluidic gradient-generator approach suffers from important limitations. Gradients 
can only be generated under constant fluid-flow conditions, which induce shear and drag forces on cultures under study. 
These forces can lead to cell detachment, changes in intracellular signaling, and migrational biases. They can be particu-
larly detrimental when studying neurons, which are more sensitive to such forces compared to many other cell types 
(such as neutrophils and endothelial cells). Secondly, downstream cells are exposed to higher concentrations of cell-
secreted molecules compared to cells present upstream in the channel, creating differential contributions of secreted and 
gradient factors on cell responses depending on the placement of cells inside channels. Lastly, the closed microfluidic 
channels used in these approaches limits gas and pH equilibration, which are critical for cell viability, differentiation, and 
activity.  
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This paper focuses on the development and use of microfluidic devices that overcome most of the limitations of exist-
ing gradient-generator technologies, allowing for quantitative neurobiological investigations. The neuron-friendly devic-
es will be employed for unraveling the complex interplay between axon-guidance factors in the visual pathway using 
precisely controlled gradients of multiple guidance factors. Retinal explants, derived from embryonic mice, will be used 
to elucidate the molecular mechanisms directing formation of the anterior visual pathway. These experiments aim at ad-
vancing our understanding of RGC axon guidance by relating the function of guidance cues and receptors to formation of 
specific axonal pathways.

 
EXPERIMENTAL 

We previously described a strategy for generating gradients under negligible-flow conditions [10]. Briefly, the device 
contains an open reservoir flanked by two fluid manifolds. Fluids are delivered to the reservoir through pressurization of 
two arrays of microchannels, termed microjets, present between the manifolds and the reservoir. By housing the chemical 
of interest in one of the manifolds and culture medium in the other, stable-surface gradients can be generated inside the 
reservoir within minutes with the bulk of the flow directed upwards and away from cells that are attached to the surface. 
This device has been used for studying netrin-induced axon turning in dissociated neurons [10]. However, the unpredict-
able nature of damage imparted by enzymatic dissociation procedures, commonly employed for separation of neurons 
from source tissues, and interference with the neuron’s developmental clock called for modifications that permit culture 
of explants. 

In the modified design, an additional chamber has been added for seeding retinal explants (derived from embryonic 
mice). Neurites, emerging from explants, are directed through narrow (5-µm wide x 2.5-µm high) microtunnels into the 
gradient chamber. This permits perfusion of the neurites without exposing their somas. The length of the microtunnels 
can be tuned to bar dendrites and non-RGC axons from entering the gradient chamber, which would allow selective per-
fusion of RGC axons with gradients of guidance factors (Figure 1a). An array of four devices on the same chip has been 
designed for cellular-response analysis under a variety of gradient and control conditions (Figure 1b).  

Devices were fabricated using standard three-layer SU-8 photolithography and polydimethylsiloxane (PDMS) exclu-
sion-molding processes, as described previously [10]. The PDMS devices were bonded to glass coverslips, hydrophilized 
using oxygen plasma, followed by sequential overnight incubations with 10 µg/mL poly-D-lysine and 6 µg/mL laminin 
to promote explant attachment and outgrowth. After protein incubation, substrates were rinsed with PBS, and freshly dis-
sected embryonic (E14) mice retinal explants were added to explant chambers inside devices. Explants were maintained 
at 37 °C in a 5% CO2 atmosphere.  

RESULTS AND DISCUSSION 
We have been able to maintain healthy explant cultures inside devices. Explant viability was assessed using ethidium 

homodimer and calcein AM staining, and explants could be maintained for several weeks in culture with minimal cell death. 
We have also observed elaborate outgrowth emanating from retinal explants and entering the gradient chamber through nar-
row microtunnels within 6 days after seeding the explants. Figure 2a shows extensive outgrowth around an E14 retinal ex-
plant that has been cultured for 6 DIV (days in vitro), with some of the neurites passing through 150-µm long tunnels to en-
ter the gradient chamber. From immunostaining experiments (data not shown), we found that this length was sufficient to 
keep the dendrites and cell bodies from entering the gradient chamber. Figure 2b shows data from another E14 6 DIV ex-
plant where the outgrowth is aligned at microtunnel entrances. Figure 2c shows the neurites inside tunnels. Since RGCs are 
known to extend the longest axons among retinal cells, longer microtunnels will enhance the probability of allowing only 

Figure 1: Microfluidic platform for studying RGC axon-guidance interactions. (a) Device schematic showing neurites 
(green) emanating from a retinal explant (pink), cultured in an open explant chamber, being directed through microtun-
nels into the gradient chamber. Microjets flanking the gradient chamber create stable concentration profiles of multiple 
guidance factors for selectively perfusing the neurites. (b) An array of four devices on the same chip allows for simulta-

neous analysis of cellular responses under gradient and control conditions. 
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RGC axons to reach the gradient chamber. Presently, we are deploying 800-µm long microtunnels with the hope that this 
design will allow for studying axon turning in almost pure RGC-axonal populations. Lastly, the number of microtunnels can 
be tuned to reduce arborization and inter-axonal crosstalk. Design optimizations and gradient-application experiments with 
netrin-1 and Shh are currently underway.  

CONCLUSION 
These experiments aim to provide a quantitative description of the interplay and crosstalk between axon-pathfinding 

mechanisms, responsible for the precise navigation of axons in the anterior visual pathway, using sophisticated microfluidic 
platforms.  

REFERENCES 
[1] Erskine, L. & Herrera, E. The retinal ganglion cell axon's journey: Insights into molecular mechanisms of axon 

guidance. Dev. Biol. 308, 1-14 (2007). 
[2] Shewan, D., Dwivedy, A., Anderson, R. & Holt, C. Age-related changes underlie switch in netrin-1 responsiveness 

as growth cones advance along visual pathway. Nat. Neurosci. 5, 955-962 (2002).
[3] Kennedy, T. E. Cellular mechanisms of netrin function: long-range and short-range actions. Biochem. Cell Biol. 78, 

569-575 (2000). 
[4] Jeon, N. L., Dertinger, S. K. W., Chiu, D. T., Choi, I. S., Stroock, A. D. & Whitesides, G. M. Generation of solution 

and surface gradients using microfluidic systems. Langmuir 16, 8311-8316 (2000). 
[5] Dertinger, S. K. W., Chiu, D. T., Jeon, N. L. & Whitesides, G. M. Generation of gradients having complex shapes 

using microfluidic networks. Anal. Chem. 73, 1240-1246 (2001). 
[6] Moorjani, S., Nielson, R., Chang, X. A. & Shear, J. B. Dynamic remodeling of subcellular chemical gradients using 

a multi-directional flow device. Lab Chip 10, 2139-2146 (2010). 
[7] Jeon, N. L., Baskaran, H., Dertinger, S. K. W., Whitesides, G. M., Van De Water, L. & Toner, M. Neutrophil 

chemotaxis in linear and complex gradients of interleukin-8 formed in a microfabricated device. Nat. Biotechnol. 
20, 826-830 (2002). 

[8] Chung, B. G., Flanagan, L. A., Rhee, S. W., Schwartz, P. H., Lee, A. P., Monuki, E. S. & Jeon, N. L. Human neural 
stem cell growth and differentiation in a gradient-generating microfluidic device. Lab Chip 5, 401-406 (2005). 

[9] Dertinger, S. K. W., Jiang, X., Li, Z., Murthy, V. N. & Whitesides, G. M. Gradients of substrate-bound laminin 
orient axonal specification of neurons. Proc. Natl. Acad. Sci. U. S. A. 99, 12542-12547 (2002). 

[10] Bhattacharjee, N., Li, N., Keenan T. M. & Folch, A. A neuron-benign microfluidic gradient generator for studying 
the response of mammalian neurons towards axon guidance factors. Integr. Biol. 2, 669-679 (2010). 

CONTACT 
*S. Moorjani, tel: +1 (206) 616-9036; moorjani@u.washington.edu 

 

Figure 2: Retinal explant culture and RGC axon guidance inside devices (a) Left: Phase-contrast image showing a 
retinal explant with elaborate outgrowth. Outgrowing axons are directed through narrow microtunnels into the gradient 

chamber. Right: Higher-magnification image showing axons inside the gradient chamber. Majority of the axons were 
extended by RGCs. Identity of the axons was confirmed using immunostaining (data not shown). Scale bars, 200 µm and 
100 µm, respectively (b) Phase-contrast image showing axons aligned at microtunnel entrances. Scale bar, 100 µm. (c) 
Immunostained neurites inside 5-µm-wide microtunnels labeled using an antibody against neuron-specific β-III tubulin. 

Scale bar, 50 µm. 
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ABSTRACT 

A novel flexible sheet-type sensor device was developed for the in situ and noninvasive oxygen metabolism measurement 
of cultured cells and tissues. The combined use of the device and an automated optical measurement system enabled the 
simultaneous measurement of oxygen consumption rate (Rox) and optical observation of local groups of cells on a cultured 
dish. We monitored oxygen metabolism of the human breast cancer cell line MCF7 on Petri dish and evaluated the Rox to be 
1.43 ± 0.24 fmol/min/cell. Furthermore, we demonstrated mapping of the Rox of rat brain slices and succeeded in visualzing 
the clear difference between layer structures of hippocampus.  

KEYWORDS 
Oxygen Sensor,  Cellular Oxygen Metabolism, Brain Slice, Optical Sensor, Phosphorescence Lifetime, MCF7 

INTRODUCTION 
For the advancement of cell therapy and/or tissue engineering, cell quality control is essential. Oxygen consumption is an 

important parameter for evaluating cell metabolism due to its direct correlation with ATP production. Microfluidic devices 
integrated with oxygen sensors were previously reported to be capable of analyzing cell-level oxygen consumption rate (Rox) 
[1]. However, as petri dishes are currently used as a standard format for cell culture, the use of a microfluidic format is 
anticipated to be limited in practical medical use. To resolve this issue, we have developed a flexible sensor device that has 
good compatibility with standard cell cultivation techniques. 

EXPERIMENT 
Device Design 

Figure 1 shows a schematic of the device and experimental setup. The device comprised a transparent ethyrene-vinyl-
alchohol (EVOH)/ polydimethylsiloxane (PDMS) sheet and an array of microwell structures( 90 m and 50 m depth) with 
a 1-μm-thick sensing layer at their bottom. The oxygen sensor layer consisted of platinum octaethyl porphine (PtOEP) mixed 
into polystyrene, an oxygen-permeable polymer. In contrast, EVOH is impermeable to gases ensuring a tight seal during 
measurement. A change in oxygen concentration (Cox) in the vicinity of cells can be evaluated by measuring the 
phosphorescence lifetime. In the presence of oxygen, the lifetime is shortened as a result of quenching by the collision of 
oxygen molecules with the phosphor which deactivates the excited triplet state. The phosphorescence lifetime and dissolved 
oxygen concentration has a linear relation in accordance with the Stern-Volmer equation.  

 

 
Here, 0: unquenched emission lifetime, : emission lifetime in the presence of different oxygen concentration, Ksv: Stern-

Volmer constant, and [O2]: dissolved-oxygen concentration. 
Using an automatic measurement system, the Rox measurement and imaging of cultivated cells were conducted 

simultaneously. 
 
Cellular oxygen consumption measurement of MCF7 

The human breast cancer cell line MCF7 was cultured at 37ºC in 5% CO2, 95 % air in RPMI 1640 medium supplemented 
with 10% fetal calf serum, 10 mg/L kanamycin sulfate, 10,000 unit/ml penicillin and streptomycin. Cells were cultured to 
confluency in 30-mm glass-base dishes.  During cellular oxygen consumption measurement, the cultivation dishes were set in 
a compact cell incubator mounted on a microscope and the devices were attached onto the dish with the pressure 10 kPa. 

 
Oxygen consumption rate mapping of the acute brain slice of rat 

An anesthetized 16-day-old rat pups were decapitated and the hippocampus was rapidly removed and immersed in 37ºC 
artificial cerebrospinal fluid (ACSF) medium. The brain was cut transversly thorough hippocampus by tissue chopper at an 
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interval of 350 m. The device-applied cultivation dish submerged with ACSF medium was set in a compact cell incubator 
mounted on a microscope. The brain slice was attached onto the polyvinylidene difluoride membrane to ease handling, 
followed by oxygen metabolism measurement using the device. The oxygen consumption rates are analyzed for 4×4 
microchambers to conduct oxygen consumption mapping of the brain. 
 
(a)                                                                                                                         (b) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.  (a)Schematic diagram of flexible sensor sheet and experimental setup for in situ measurement of cell oxygen 

consumption. During the measurement, the device is attached to the bottom of the culture dish to form a temporarily closed 

microspace around the target cells, hence enabling the short-time evaluation of oxygen consumption rate. (b) Photograph of 

flexible sensor sheet. Flexible sensor sheet has good compatibility with practical cell cultivation formats. The three-

dimensional microstructures of the sensor were fabricated by the self-aligned hot embossing method that was newly  

developed to enable a simple and low-cost production[2]. 

 

 

RESULTS AND DISCUSSION 

Prior to the cellular measurement, we checked the fundamental characteristics of the device, namely, sensitivity calibration, 
sealing performance, and cell viability (Figures 2(a,b,c)). Rox measurement was conducted with minimum cell damage by 
attaching the device for measurement within less than 10 min at a pressure of 10 kPa. 

Cellular measurements was conducted by attaching the measuring device to MCF7 breast cancer cells cultivated on petri 
dishes as shown in Figure 3. The linear decrease in oxygen concentration was measured as a result of cell respiration. 
Furthermore, the increase of the number of cells lead to the sharp slope, which means the oxygen consumption increased 
according to the number of the cells. By dividing the Cox slope in Figure 3(d) by the number of cells, Rox of MCF7 was 
evaluated to be 1.43 ± 0.24 fmol/min/cell(N=22), which was in agreement with previously reported values [3]. This suggests 
that the device is applicable to evaluation of the oxygen metabolism of the cells cultured on the Petri dish. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a)Oxygen sensor calibration.  and Cox exhibited a linear relationship in accordance with the Stern-Volmer 

equation. (b)Oxygen consumption rate (Rox) depends on pressure. Rox is convergent at pressure 4.5-12.7 kPa because of the 

high seal performance of the microchamber. (c) The viability of cells outside the microchamber by trypan blue cell viability  

assay. Cell viability slightly decreased after 20 min but there was no change before 10 min. 
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Finally, the Rox mapping of rat brain slices was achieved using the device developed. Oxygen consumption rate mapping 
of rat hippocampus slice is shown in Fig. 4. It is known that oxygen consumption rate of the brain is 10 times faster than the 
other tissue, and indeed we observed short-time measurement. As shown in Figure 4, differences in Rox among brain layers 
such as CA1, CA3, and DG were observed. Thus, the device developed has enabled the real-time mapping of the metabolic 
activity of cultivated tissues, and is expected to be widely used in the field of drug development and neuroscience research. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a)-(d) Bright-field images of MCF7 and flexible sensor sheet. (e) Rox measurement performed using the device. 

The linear decrease in oxygen concentration was measured as a result of cell respiration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Rox mapping of rat hippocampus slice. CA1 and CA3 are pyramidal cells of the hippocampus and DG is the dentate 

gyrus. Broken lines show neuronal cell bodies. This result indicates that the Rox of DG is higher than the Rox of CA3 and CA1. 

Scale bar: 200 m. 

 

CONCLUSION 

In this research, we have developed a novel flexible sensor device for in situ and spatiotemporal monitoring of oxygen 
consumption of cultivated cells and tissues with fmol/min resolution. The device comprised a transparent sheet and an array 
of microwell structures with an oxygen sensing layer at their bottom. By the combined use of the device and an automatic 
optical measurement system, we successfully measured the oxygen consumption rate of local groups of cells cultivated on a 
dish, and the real-time mapping of the metabolic activity of cultivated tissues. The present technology can be further extended 
to include other types of extracellular analyte sensing such as pH, CO2, and NO by incorporating different phosphor materials 
as the sensing layer. 
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ABSTRACT 

Development of novel cellular models that can replace animals in preclinical trials of drug candidates is one of 
the major goals of cell engineering. Current in vitro screening methods hardly correspond with the in vivo situation, 
whereas there is lack of assays for more accurate cell culture models. Therefore, development of automated assays 
for 3D cell culture models is urgently required. 

In this work, we present a novel microfluidic system for long-term 3D cell culture and analysis. The system is 
compatible with commercially available spectrofluorimetric multiwell plate readers. Microfluidic chip consists of 
cell culture microchambers and microwells connected with concentration gradient generator. Culture of tumor 
spheroids of human cancer cells was monitored for over two weeks using the developed system and alamarBlue® as 
an indicator of metabolic activity. Four phases of growth were identified, and results were in a good correspondence 
with macro-scale potentiometric cell culture monitoring. The developed microfluidic system is a promising tool for 
drug-screening applications. 
 
KEYWORDS 
Tumor spheroid, long-term cell culture, metabolic activity, high throughput screening, automation 

 
INTRODUCTION 

Nowadays, drug development sector faces a quandary between throughput and accuracy of accessible in vitro 
screening assays. A majority of the applied tests base on monolayer cell culture, which is an easy to handle model 
suitable for automation and is willingly used in High Throughput Screening (HTS) systems [1]. However, monolayer 
culture lacks essential interactions present in vivo, which strongly limits a prediction of an effect of a drug on 

humans [2]. 3D tissue-like cell culture models are 
attractive alternative in the field of mimicking in 
vivo, e.g. Multicellular Tumor Spheroid (MCTS) 
which exhibits numerous similarities to cancer 
tumor [3]. However, its widespread use has been 
limited so far, due to imperfections of available 
culture methods and assays [3]. 

In this work, we present a microfluidic 3D cell 
culture system compatible with commercially 
available 384-well plate readers. The system 
(Fig.1) consists of a positioning plate suitable for 
two microfluidic chips placement (one for a blank 
probe). The chip (Fig.2) consists of a 4x4 array of 
microfluidic chambers coupled with a 
Concentration Gradient Generator (CGG) structure. 
Each chamber contains 20 U-shaped microwells 
for MCTS culture [4]. When the chip is placed in 
the positioning plate, microchambers are detection 
cells of the multiwell plate reader. 

The chip was applied for MCTS culture of 
HT-29 cells (human colon carcinoma). The 
challenge of our work laid in automation of 
monitoring of 3D cell culture by coupling of an 
in vivo-like model with an instrumental analysis 
method. We decided to use alamarBlue® as the 
fluorescent indicator of cellular metabolic activity 
[5]. The reagent’s fluorescence increases 
proportionally to decrease of medium red-ox 
potential, caused by metabolizing cells. The 
system was successfully used for two-week 
monitoring of spheroid growth in the microfluidic 
chip. Additionally, off-chip potentiometric 
measurements were proceeded for comparison. 

Figure 1: Overview of the 3D cell culture monitoring 
system. 

 

Figure 2: (A) Scheme of a microfluidic chip. (B) 
Microchamber (a depth of 50 µm). (C) Profile of a 

microwell (a depth of 200 µm, Ø=200 µm). 

 16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  407



EXPERIMENT 
The 3D microstructure was fabricated 

using double casting in PDMS with a 
thermal aging step [6]. A 3D master for the 
replication step and the positioning plate 
were fabricated by micromilling. 

Application of a ball-end mill resulted 
in semi-spherical microwells for spheroid 
formation and culture. Cells introduced to 
the microfluidic system gravitated towards 
centers the microwells, aggregated and 
formed spheroids within 24 hours (Fig.3). 
Therefore, each microwell contained single 
spheroid and good uniformity of sizes was 
observed in the whole microfluidic system. 
Initial size of spheroids could have been 
controlled by setting of inoculum density. 
HT-29 spheroids were cultured in the 
microfluidic system for over two weeks 
(Fig.3). Microscopic observations of 
spheroid morphology and sizes allowed 
identification of following growth phases: 
(1) lag phase (aggregation, spheroid 
compaction), (2) intense proliferation and 
growth, and (3) plateau.  

To verify applied detection system, cell 
culture media with (1) off-chip reduced and (2) native alamarBlue® were introduced via CGG to the array of 
microchambers (Fig.4). It was expected to achieve four different concentrations of reduced reagent, exhibiting 
proportional fluorescence intensities (Fig.4:B). The signal was detected in a spectrofluorimetric multiwell plate 
reader. Linear dependence consistent with in silico modeling of CGG was obtained (Fig.4:A). It was an evidence, 
that both the geometry of the chip and the experimental set up were designed correctly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A long-term cultures of HT-29 spheroids of different cell seeding densities were monitored using the developed 

system (Fig.5). Each measurement point corresponded to 24h incubation with alamarBlue®. Characteristic, 
repetitive curve was observed for the culture. No toxic effect of alamarBlue® was observed during long-term 
monitoring. Results obtained during first three days were in a good correlation with off-chip potentiometric spheroid 
culture monitoring using platinum electrode and Ag/AgCl2 reference. It is an outcome of reaching equilibrium of 
anabolic and catabolic processes during aggregation and compact spheroid formation. Apart from the growth phases 
identified by microscopic observations, two stages of the lag phase were observed. First, freshly seeded cells 
exhibited high catabolic activity (red-ox potential decrease and high fluorescence intensity related to the first 24 
hours of culture). Next, cell-to-cell aggregation and binding of adhesive proteins promoted cell cycle and 
biosynthesis, which effected in growing participation of anabolism and slight increase of red-ox potential (decrease 
of fluorescence intensity during second day of culture). After achieving equilibrium between anabolic and catabolic 
processes, further growth of fluorescence intensity was strictly related to the growing number of cells in the system. 
 

Figure 3: Long-term MCTS culture: (A) growth curve, (B) cell 
seeding (scheme and micrograph), t=0h, (C) aggregation, t=24h, 

(D) MCTS formation, t=48h. (E) MCTSs in a microchamber, 
uniform seeding was achieved. 

 

Figure 4: (A) Verification of the detection system: 1st series of microchambers contained 
off-chip reduced probe (highest fluorescence) and 4th series contained blank (lowest 

fluorescence). Fluorescence intensity in 2nd and 3rd series was in the linear range between the 
extremes. (B) Results of in silico modeling of CGG. 
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CONCLUSIONS 
We present a novel 3D cell culture monitoring system 

compatible with HTS systems. To our best knowledge, it is 
the first microfluidic-based well plate compatible spheroid 
analysis system. It is suitable for long-term MCTS culture 
and analysis. It provides an unique opportunity of continuous 
observation and quantitative analysis of sequencing days of 
culture, which will be beneficial for evaluation of repeated 
doses of xenobiotics. 
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Figure 5: Results of on-chip spectrofluorimetric 
monitoring of long-term MCTS culture for 
different cell seeding densities. Four phases of 
growth occurred: (A) aggregation and 
predominance of catabolism, (B) spheroid 
formation, ECM secretion, greater anabolism, 
(C) spheroid growth and (D) coincidence of 
curves due to space limitations. Results of 
potentiometric monitoring of the macro-scale 
culture were given for comparison: the same 
growth phases were observed (A, B, C). 
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ABSTRACT

Most current systems for cell-electroporation are based on bulk-processing of large quantities of cells. Typically,

fluorescent labels are required to assess the performance of these systems. We aim at designing a system for 

controlled single-cell electroporation and label-free assessment of the process through impedance spectroscopy.

Here we investigated a microsystem that utilizes electrical impedance spectroscopy (EIS) to analyze on-chip 

electroporation. The performance of this system was evaluated by using the mammalian cell line BHK-21. The 

electroporation process of the cells was observed by fluorescent microscopy and simultaneously through EIS at high 

temporal resolution. EIS measurements revealed significant differences in the signals of a cell before and after 

irreversible poration. Additionally, EIS allowed for insights into the re-sealing dynamics of reversible electroporation

of single cells.

KEYWORDS

electroporation, impedance spectroscopy, microfluidics, single cell analysis

INTRODUCTION

The porating effect of high electric fields on the cell membrane has been known for a long time. It was first used

to kill cells [1] and later to introduce foreign DNA fragments into cells for transfection [2]. Weaker electric fields can 

be used in EIS, which is a label-free method to measure the electrical properties of micro-particles and cells in a 

solution [3].

Here, we present an integrated microsystem for both, EIS and electroporation of single cells. Our approach 

towards the development of a single-cell total analysis platform, depicted in Figure 1, includes EIS analysis and 

bidirectional flow-control via a syringe pump. The system enables label-free analysis of free-flowing single cells 

over extended time by shuttling them back and forth through a region equipped with microelectrodes. This scheme 

offers important advantages over established techniques: (1) no need to trap cells, (2) time-resolved measurements of 

single-cell properties and (3) simplicity of device design, fabrication, and operation.

Figure 1: Schematic side view of the presented microsystem. A syringe pump is used for shuttling a cell back and 

forth through the EIS analysis region. When switching on the electrodes, the cell gets electroporated while the EIS 

signal is continuously recorded. Possible integration of cell-culturing and hand-over to perform further analysis 

steps are indicated.

EXPERIMENTAL

Figure 2 shows a schematic of the experimental setup. EIS measurements and electroporation were achieved by 

separate sets of opposing and coplanar microelectrodes. We used baby hamster kidney cells (BHK-21), suspended in 

medium containing fluorescein diacetate (FDA) and propidium iodide (PI) dyes to assess cell viability and 

electroporation efficiency. Individual cells were shuttled back and forth through the measurement and 

electroporation region using a syringe pump. Each time a cell passed the measurement electrodes, the impedance 

spike of the cell was recorded using a HF2IS impedance spectroscope (Zurich Instruments AG, Switzerland), which 

was also used to generate a field strong enough to electroporate the cell.
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Figure 2: A microfluidic chip is placed on top of an inverted fluorescence microscope. Electric signals from a 

HF2IS impedance spectroscope are used inside the chip for electroporation (right) and EIS measurements (left). The 

signal of a cell passing between electrodes (field lines sketched in red) is processed in the HF2IS impedance 

spectroscope behind a HF2TA transimpedance amplifier.

RESULTS

Figure 3 (top) shows phase contrast images of a BHK-21 cell before and after exposure to a poration field of 

5.5 kV/cm at 1 kHz. The cell shows a dramatic morphological change, with ~ 300% increase in volume. To confirm 

cell electroporation, fluorescence analysis was performed. Figure 3 (center) shows decreasing fluorescence intensity 

during 0.5 s for a cell stained with the cell viability dye FDA, demonstrating that the cell is no more alive. Figure 3 

(bottom) shows a fluorescence intensity increase for PI staining of a viable cell during 20 s, which confirms 

successful electroporation and cell death.

Figure 3. Images of cells before (left) and after (right) irreversible electroporation. Top: Phase contrast image, 

center: FDA staining of living cells, bottom: PI staining of dead cells with broken membrane. Imaging parameters 

were the same before and after electroporation.

Figure 4 shows 3.8 MHz impedance signals, recorded for additional, label-free electroporation assessment. The 

impedance signal of Figure 4 (top) corresponds to irreversible electroporation of a viable cell. The cell was shuttled 

four times through the measurement region prior to electrical treatment. Clear spikes are observed in the real 

component of the complex impedance (15µV), when a cell passes the inter-electrode region, but just very small 

spike amplitudes are seen in the imaginary component (2µV). After applying the fatal electroporation field, the 
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signals are opposite: The amplitudes of the imaginary part increase 4-fold, and there is no detectable signal in the 

real part of the signal. This observation can be explained by drastic changes in the membrane potential and cytosol 

conductivity of the cell caused by the poration opening the cell membrane. The effects in the impedance signal for 

reversible electroporation at 4.4 kV/cm and 5 kHz are shown in Figure 4 (bottom). A cell is measured five times and 

then electroporated, at which point a reduced spike amplitude can be detected; the spike amplitude, however, 

completely recovers within a few seconds. This is in agreement with the re-sealing dynamics observed in other 

mammalian cells after electroporation [4].

Figure 4. Top: Multiple impedance measurements of the same cell, shuttled back and forth before (spikes in real 

part) and after irreversible electroporation (spikes in imaginary part). Bottom: Two mild electroporation treatments 

of one cell with recovery (amplitude of spikes recovers) within several seconds. The reversibly electroporated cell is 

bigger than the irreversibly electroporated one, therefore both the real and the imaginary spike amplitudes are 

bigger for the reversibly electroporated cell.

CONCLUSION

We report on a microsystem featuring electroporation and impedance-based analysis units for single free-flowing 

cells. Successful electroporation was analyzed by EIS, the results of which were in agreement with fluorescence

analysis. Repeated measurements enabled by bidirectional flow (back-and-forth) of the same cell revealed

reproducible cellular recovery within a few seconds.
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REAL-TIME DETECTION OF BACTERIAL BIOFILM GROWTH USING 
SURFACE PLASMON RESONANCE IMAGING 
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ABSTRACT 
Surface Plasmon Resonance imaging (SPRi) was used for real-time detection of bacterial growth inside microfluidic 

channels. First, 50 micron diameter beads were spotted on a gold coated prism surface and visualized with both SPRi and 
a stereo microscope to validate images. Then, fluorescent Escherichia coli was loaded into microfluidic 
polydimethylsiloxane (PDMS) channels on the SPRi sensor surface and observed for 6 hours. Afterwards, the sample 
was imaged with a fluorescence microscope. Both images showed bacterial growth at the same locations in the channels, 
confirming that bacterial growth can be directly monitored in real-time by SPRi. 

KEYWORDS 
Surface plasmon resonance imaging (SPRi), Biofilm, Bacterial growth, Chemotaxis, Microfluidics 

INTRODUCTION 
Surface Plasmon Resonance imaging (SPRi) provides label-free qualitative and quantitative information about events 

occurring near a surface (~200 nm) over a relatively large area (~1 cm2).[1] It is expected that the combination of SPRi 
and microfluidic systems will allow increasing complex experiments and events to be monitored at the sensor/channel 
wall, such as the interaction of lipids and cells with immobilized biospecific markers or the growth of biofilm.[2-4] SPRi 
works by shining light through a prism onto a gold sensor surface and detecting the intensity of the reflected light that 
exits the prism using a CCD camera. Cell movement and growth in channels causes local changes in refractive index.[5] 
When the refractive index at a location on the surface changes, the intensity of light reflected at that point changes and 
the difference is recorded.[6] In this study, we used SPRi for real-time detection of bacterial growth inside microfluidic 
channels. To our knowledge, this is the first time that SPRi has been used to study bacterial biofilm formation. 

Many environmental molecules and drugs affect bacterial movement, known as chemotaxis. Bacteria also 
communicate with each other by using signaling molecules called autoinducers. Using autoinducers, bacteria can locate 
each other, organize to form protective biofilms, and coordinate production of various toxins and antibiotics.[7] While 
much is known about how signaling molecules regulate intracellular machinery and cellular functions, relatively little is 
known about the overall physiological response (phenomics) and intercellular relationships. We are interested in studying 
bacterial movement and biofilm formation in the presence of various chemical gradients. To achieve this inside of an 
SPRi system, nanochannels that deliver chemicals without allowing microbes to escape are necessary.[8]

EXPERIMENT 
A fabrication scheme for creating PDMS microfluidic channels connected by nanofluidic channels is shown in Figure 

1. E. coli cells in Lysogeny Broth (LB) growth media were loaded into one of the microfluidic channels; and, a second 
channel, connected to the first via a nanochannel, was filled with only LB growth media. The cells were grown for 24 hr 
at 37 °C.  The results of this experiment are shown in Figure 4.

To calibrate the SPRi-Lab+ system (Horiba), 50 m beads in distilled (DI) water were placed directly onto a gold 
coated prism surface, as shown in Figure 2. Images of different locations on the bead covered surface were obtained 
using both SPRi and a stereo microscope. The results are shown in Figure 5. 

Then, we made two separate linear channels in PDMS and attached them onto a gold coated prism. One of the 
channels was filled only with LB growth media, as a control, while the second channel was filled with a few Green 
Fluorescent Protein (GFP) labeled E. coli cells in LB growth media (Figure 3). We continuously monitored the two 
channels simultaneously using difference imaging in the SPRi for six hours at room temperature. Afterward, we removed 
the chip from the imaging system and inspected the channels through the PDMS using a stereo microscope with 
fluorescence imaging.

RESULTS AND DISCUSSION
The delivery of food to bacteria via a nanochannel is shown in Figure 4. The bacteria consumed all of the food in the 

main channel first and sensed the additional food as it diffused across the nanochannel. The bacteria accumulated at the 
entrance of the nanochannel but were unable to cross over to the microchannel containing additional food. In future 
work, these more complex fluidic geometries will be integrated with SPRi. 

To demonstrate the utility of SPRi, 50 µm diameter beads were spotted on the sensor surface of a glass prism. Since 
the beads are stable, and immobile in the absence of flow, they constitute an exceptional control experiment. The results 
of this set of experiments are shown in Figure 5. Images obtained with a stereo microscope are shown in the left column 
(Figure 5 a, c, e, g) and SPRi images taken from the same spot are shown in the right column (Figure 5 b, d, f, h). By 
comparing the two images from the same location we showed that we can sensitively detect material that is attached to 
the sensor surface using SPRi. 
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Finally, we wanted to observe the growth of bacteria using SPRi. Bacterial growth in the channel containing E 
.coli is shown at different time points in Figure 6 b, d, f, whereas no growth was detected in the control channel in 
Figure 6 a, c, e. The uniform increase in brightness in Figure 6 e and f is most likely caused by a shift in the intensity 
peak position of the SPR. The distinct difference in surface roughness between the two images demonstrates the 
growth and attachment of biofilm. Visual inspection showed that the channels remained filled after 6 hours. When 
viewed with a fluorescence microscope, the control channel was dark (Figure 6 g) while cells expressing GFP in 
biofilms were observed in the second channel (Figure 6 h), validating the results obtained with SPRi. 

CONCLUSION 
SPRi can be used to obtain high resolution images of material attached to a surface. This was demonstrated by 

placing 50 µm diameter beads on a gold coated prism sensor chip and visualizing the location of the beads using both 
SPRi and optical microscopy. The results also show that SPRi can be used to detect bacterial growth in PDMS 
channels. Imaging with a fluorescence stereo microscope verified that the bacteria indeed grew in the locations that 
were observed with SPRi. 
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Figure 1. Fabrication schematic for PDMS micro/ 
nanochannels. 1) Positive photoresist developed on a 
thin Cr film. 2) Cr is over etched and resist is removed. 
3) Thick photoresist patterned over nanoscale Cr 
features. 4) PDMS mold is made. 5) PDMS is bonded to 
glass cover slip, allowing for high resolution imaging.  

 
 
 
 
 
 

 
 

 
Figure 2. Setup for Surface Plasmon Resonance 
imaging (SPRi) experiments. 50 m beads in DI water 
are placed onto prism coated with 50 nm of gold. The 
setup is placed inside of a SPR imaging system.  

 
Figure 3. Setup for bacteria growth SPRi experiments. 
PDMS is reversibly sealed against a high refractive 
index glass prism coated with 50 nm of gold. One 
channel is filled with LB growth media while the other 
is filled with both LB growth media and fluorescently 
labeled E. coli cells. After 6 hours in the SPRi 
instrument, the setup is removed and images of the 
channels are obtained through the PDMS using a 
fluorescence stereo microscope. 
 

 
Figure 4. Optical micrograph of bacteria forming a 
biofilm at the entrance of a nanochannel connecting 
two microchannels made from PDMS. The bacteria are 
attracted to the fresh growth media diffusing through 
the nanochannel, but cannot squeeze through to get to 
the food source.
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Figure 5. (a, c, e, g) Stereo microscope images of 50 
µm diameter beads spread on the sensor surface. (b, d, 
f, h) SPRi images of the same locations on the chip. 
Clumping of the beads is seen during drying. 

Figure 6. SPR images of blank LB filled channels at (a) 6 
min, (c) 1 hr, (e) 6 hr, and channels containing GFP E. 
coli at (b) 6 min, (d) 1 hr, (f) 6 hr. Florescent images of 
(g) channel filled only with LB, and (h) GFP E. coli filled 
channel after 6 hours in the SPRi. Each image is at the 
same magnification. White lines have been added to the 
images to highlight the location of channel side walls. 
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ABSTRACT 
    We present an integrated microfluidic probe that enables the measurement of multiple kinase activities in 
selected phenotypically distinct single cells from large cell populations on standard tissue culture platforms. The 
contents of a cell are captured without disturbing its extracellular context by creating a small lysis zone at the probe 
tip by hydrodynamic confinement. Pneumatic micro-valves are then used to separate and mix the captured lysate into 
different assay mixtures in separate small volume chambers for a fluorimetric assay. We demonstrate here the ability 
to simultaneously measure the activity of three kinases: Akt, MAPKAPK2, PKA and a loading control enzyme, 
GAPDH, from a single cell. This single cell assay platform enables the correlation of cellular phenotype to 
intracellular biochemical state at the single cell level and hence can provide a clearer understanding of cell behavior 
in heterogeneous cell populations. 
 
KEYWORDS 
Single Cell Assay, Kinase Assay, Microfluidic Probe, Multiplexing 

 
INTRODUCTION 

Cellular heterogeneity may result from intrinsic stochastic fluctuations or due to cell-to-cell variations in a cell’s 
history and extracellular microenvironment [1, 2]. Heterogeneous subpopulations of cells can drive disease or 
development outcomes [1-3] but are overlooked in traditional biochemical assays which, due to limited sensitivity, 
measure ensemble averages of 103-106 cells. In the context of attempts to unravel cellular signaling networks, where 
measurement of multiple signaling nodes, usually proteins, becomes essential, heterogeneity leads to the emergence of 
a blurred picture where even distinguishing correlated and anti-correlated nodes becomes difficult [3]. Single cell 
measurements of multiple protein activities when correlated with the cellular phenotype measurements can help 
resolve these ambiguities. 

Recent traditional and microfluidic tools [4] have focused on studying genetic heterogeneity in single cells 
harnessing the sensitivity resulting nucleic acid amplification techniques. However such techniques fail to capture 
important non-genetic – translational, post-translational and extracellular environment regulated – sources of 
heterogeneity which create unique proteomes in different cells which may drive the diverse phenotypes observed. 
Other single cell proteomic techniques using flow cytometry or imaging depend on the use of phospho-specific 
antibodies [5] and thus measure phosphorylation as a surrogate for protein activity – a correlation which may not be 
perfect especially in the presence of multiple post-translational modifications [6]. Genetically encoded reporters can 
be used to measure protein activity in live single cells but require genetic manipulation of cells and are difficult to 
multiplex which limits their use. Direct measurement of protein activity from single cells remains difficult due to  

 

  
Figure 1: i) The integrated microfluidic probe consists of two modules: cell lysis/collection tip to selectively lyse and 
collect single cell contents and a set of four reaction chambers in which the lysate can be mixed with different assay 
reagents and held for observation to measure activities of different kinases. ii) a) Fabricated two layer PDMS 
device: top 5mm layer with channels and chambers (green) and lower 30µm layer which forms the base of 
the tip and contains the valve lines (red). b) Formation of lysis zone at tip c) Mixing of cell lysate with 
different assay buffers d) Reaction chambers filled and valves closed. 

i) ii) 
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limited assay sensitivity. Single cell activity measurement by microinjection of substrates has been demonstrated but 
can suffer from non-specific intracellular reactions [6]. 
 
We reported earlier [7] the development of a microfluidic probe which captures the contents of a single cell and 
measures a single kinase activity therein. Simultaneous measurement of multiple kinase activities and higher 
measurement throughput, desirable for understanding cellular signaling, are achieved here by developing the next 
generation of this microfluidic probe. 
 
PRINCIPLE 

The device (Figure 1a) reported here obtains ~10-fold higher sensitivity and 4-fold higher throughput than its 
predecessor [7] and the ability to measure four different targets including a loading control. It interfaces with 
standard tissue culture plates and collects contents of visually selected single cells of interest from adherent cell 
populations as described earlier [7] by creating a small, tunable lysis zone at its tip using hydrodynamic confinement 
of a lysis buffer [8]. It can probe multiple cells and the lysate from each cell can be mixed with assay reagents 
containing fluorogenic substrates [9] and flowed into a different chamber. It can also measure multiple kinase 
activities from a single cell by dividing the single cell lysate into parts and mixing them each with different assay 
reagents in different chambers. The flow is directed using pneumatic micro-valves which are then also used to isolate 
the chambers for observation. The limited dilution of the cell lysate in this process yields high kinase assay 
sensitivity which is sufficient to probe many proteins from single cells. 

 
EXPERIMENT 

The fabricated PDMS device and its complete operation are shown in Figure 1b. The device consists of three 
layers: a bare glass slide which forms the base, a thin membrane (~30µm) layer which forms the base of the tip and 
enables the probe to reach close to adherent cells and also contains the pneumatic valves, and a thick (~5mm) layer 
which contains the channels, chambers and flow and control connections. Out-flow of the lysis buffer and in-flow of 
the lysate/reaction mixture are driven using two syringe pumps and the pneumatic valves are controlled using a 
custom-built air pressure controller. The chip is mounted on a micromanipulator which enables precisely locating the 
tip next to the selected single cell before the lysis and capture process is initiated by driving the lysis buffer flow. 
After capture of the reaction mixtures in the separate chambers, the valves are closed and the chip is transferred to a 
fluorescence microscope stage for observation. 
 
RESULTS AND DISCUSSION 

Selective lysis and capture of a single cell from a fluorescently labeled population of adherent cells of a human 
breast carcinoma cell line (MCF-7) is shown in Figure 2a. Even on the ~95% confluent tissue culture plate used, the 
selected single cell is lysed and captured without disturbing any neighboring cells thus ensuring that contents only of 
the selected cell are loaded on to the chip.  

A calibration of the MAPKAPK2 kinase assay sensitivity on the device using bulk hepatocellular carcinoma 
(HepG2) cell lysate is shown in Figure 2b. These cells are known to contain about 1ng of protein in each cell. This 
calibration curve establishes the limit of detection of the assay to be at least 4-fold below that needed to measure 
single cell kinase activity. Also shown in Figure 2c is the ability to distinguish the effects of stimulation using insulin, 
sorbitol and forskolin on the activity of three different kinases Akt, MAPKAPK2 and PKA respectively, in 1ng of 
bulk cell lysate. 

Single cell measurement of the kinase MAPKAPK2 in serum-starved cells and upon stimulation using sorbitol is  

 
 

Figure 2: a) A selected single MCF-7 cell is lysed and captured using the microfluidic probe by flowing out a lysis buffer 
(with 1% Triton-X 100) and simultaneously flowing the cell lysate back into the device. Due to the limited lysis zone, 
other contacting and nearby cells even on a tissue culture dish grown to about ~95% confluence remain unaffected. b)
Calibration of sensitivity and repeatability of MK2 activity assay in microfluidic probe using cell lysate obtained from 
bulk lysis of sorbitol-stimulated HepG2 cells which are expected to contain ~1ng/cell of total protein. c) Measurement of 
activities of the 3 kinases, MK2, PKA and Akt from 1 ng of lysate obtained from cells under different stimulation 
conditions is demonstrated.) 

 

b) c) 
a) 
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shown in Figure 3a. Single cell kinase activity can be clearly distinguished from the negative control in which a plate 
with only tissue culture medium was probed. The measured single cell activity from stimulated cells corresponds 
roughly to that measured from equivalent amounts of stimulated bulk cell lysate. The average fold-activation (about 
3-fold) of the kinase observed in single cells mimics measured that seen in serum-starved and stimulated bulk cell 
lysates in this case.  
 

The ability to simultaneously measure the activities of three kinases, Akt, MK2 and PKA, along with the loading 
control enzyme, GAPDH from a single cell is demonstrate in Figure 3b. Again the kinase and GAPDH activities in a 
single cell are clearly distinguished from that in the negative control. The selective activation of the 
hyperosmotic-stress activated kinase MAPKAPK2 is clearly seen upon sorbitol stimulation of serum-starved cells 
while the Akt, PKA and GAPDH levels do not change significantly as a result of this treatment. This shows the 
sensitivity and specificity of this multiplexed kinase activity measurement technique. 
 
CONCLUSION 

We have developed and demonstrated an integrated microfluidic probe that enables multiplexed single cell kinase 
activity measurements directly from adherent cell populations on a tissue culture plate and thus presents an 
opportunity to correlate cellular phenotype of single cells with their biochemical state. This single cell detection 
platform is agnostic to specific sensing chemistry, so other biochemical assays (enzymatic or binding or PCR) can 
also be implemented with minimal modification. 
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Figure 3: a) Activation of MK2 in single serum-starved HepG2 cells upon sorbitol stimulation is studied. Osmotic 
shock due to sorbitol is seen to increase MK2 activity about 3-fold. The MK2 activity measured in sorbitol-stimulated 
single cells corresponds roughly (~2X) to that measured from equivalent amount of bulk cell lysate (Fig 2b).  
Product fluorescence vs. time curves are shown in a) while their slopes are plotted in b). c) Simultaneous 
measurement of the three kinases, PKA, MK2 and Akt and a loading control enzyme, GAPDH, in a single HepG2 cell 
is demonstrated and the effect of Sorbitol stimulation of cells in increasing MK2 activity selectively is seen. 

c) 
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ABSTRACT
The CellJet microfluidic dispenser chip prints single living cells encapsulated in free-flying droplets. Two sets of parallel 

facing electrodes in a 50 x 55 µm channel are applied to measure the presence and velocity of a single cell in real-time. 
Typically a 500 pl droplet is printed on demand, when a cell is at the nozzle. Feeding 20 µm polystyrene beads, a cell model, 
resulted in a peak-to-peak voltage of 70±16 µV and velocity of 7.5±0.8 mm/s. Single bead printing efficiency was 
26% (N=124) with 64% void droplets. Moreover, viable HeLa cells and fibroblasts have been printed successfully. 
 
KEYWORDS

Single cell analysis, cell printing, impedance spectroscopy 
 
INTRODUCTION

Single cell analysis is an emerging method of the life sciences [3]. Conventionally, cell populations are analyzed as an 
integral ensemble. The averaged results obtained this way can possibly produce misleading results due to cell heterogeneity. 
Single cell printing enables to isolate and position cells individually on any open substrate. Our approach (Fig. 1) uses drop-
on-demand printing and flow-through impedance-based cell detection [4]. It differs from our previous work [1, 2] by 
impedance-based chip-integrated real-time detection and from other's work [5, 6] by an improved electrode configuration 
(parallel facing vs. planar) and smaller droplet sizes. 

 
 

Figure 1. Schematic of single cell printing with the CellJet. Cells enter with the sample flow. Due to differential measurement 
of the channel impedance, they create a positive peak at the first electrode pair and a negative peak at the second electrode 
pair. The signal is analyzed in real-time and a piezo actuator deflects a silicon membrane to produce a droplet containing the
single cell.
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CHIP FABRICATION AND PRINTING SETUP 

The CellJet dispenser chip comprises a cross-flow configuration of a droplet dispenser and a supply channel with two sets 
of parallel facing electrodes (Fig. 2). The electrodes are patterned on silicon and Pyrex wafers that are bonded via an 
intermediate TMMF layer defining the microchannels [7]. A droplet is ejected when a piezo stack actuator deflects the silicon 
membrane of the dosage chamber. A driving signal of 1 mV at 800 kHz is supplied to the electrodes. The channel impedance 
is measured differentially and converted to a voltage. A real-time algorithm running within an impedance spectroscope 
(HF2IS, Zurich Instruments, Switzerland) calculates the mean and standard deviation of the signal and thresholds for cell 
detection events (Fig. 4). Upon detecting an event, the algorithm determines both extrema of the double peak created by the 
cell and calculates the cell's velocity from transit time and electrode distance. This enables to identify the time delay for 
triggering the dispensing. 

 
 

a)    b)  

 
Figure 2. a) Optical micrograph of the microfabricated CellJet dispenser chip fabricated as a silicon / TMMF / Pyrex chip. b) 

Schematic cross-section of the dispenser chip. 
 

EXPERIMENTAL RESULTS 

To evaluate the dispensing performance the chip was filled with PBS and the piezo extension has been varied. Droplet 
volumes in the range of 500 pl – 800 pl depend linearly on the piezo extension (Fig. 3). Subsequently, polystyrene beads (20 
µm, GKisker), suspended in PBS, have been fed to the dispenser chip. Fig. 4 b) shows eleven impedance signals of beads 
passing the electrodes without dispensing. One bead was not detected (see missing cross in 4 b)), because the detection 
algorithm was inactive during dispensing mode. Real-time analysis of the sensor signals of the detected beads resulted in 
peak-to-peak voltages of 70±16 µV and velocities of 7.5±0.8 mm/s (Fig. 4).  

 

 
 

Figure 3. Variation of dosage volume with actuator extension for PBS. The dosage volume depends linearly on the piezo 

actuator extension, which deflects the silicon membrane of the chip. Droplet volume has been measured gravimetrically using 

a precision scale (XP2U, Mettler Toledo). To avoid evaporation, droplets have dispensed into oil (Dow Corning, 200 Fluid). 

Each measurement point represents the average of 50 dispensed droplets and its error bar represents the standard deviation 

of ten measurements. 
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a) b)  
Figure 4. a) Impedance signal created by the two sets of parallel facing electrodes by a single 20 µm bead. The differential 
measurement creates a positive / negative peak when bead passes 1st / 2nd set of electrodes. Bead velocity is calculated from 
transit time (40 µm / 5.6 ms = 7.1 mm/s). b) Impedance signals created by eleven 20 µm polystyrene beads. Average peak-to-
peak voltage is 70±16 µV. Average velocity is calculated to be 7.5±0.8 mm/s.

 
Beads have been printed with a single bead efficiency of 26% (N=124) using the described sensor signals as trigger. Fig. 5 
shows a 20 µm polystyrene bead printed on a glass slide. To qualitatively evaluate the viability of printed cells, multiple 
HeLa cells (cervical cancer cell line) and fibroblast (human stem cells) have been printed into micro wells and cultured for 
eight and ten days, respectively. Fig. 5 b) shows a fibroblast after ten days of culture. Fig. c) and d) show a HeLa cell after 
dispensing and a grown agglomeration after eight days.  

 

Figure 5. a) Printed 20 µm bead (arrow) in evaporated droplet (dashed line). b) Printed fibroblast after ten days of culture. 
c) Printed HeLa cell after one day of culture. d) Colony grown from printed HeLa cells after eight days of culture. Scale bars 
are 50 µm.  

 
CONCLUSION

The presented chip combines impedance-based cell detection, real-time signal processing and drop-on-demand printing. 
Printing of polystyrene beads and cells has been shown. In future works, trigger parameters still have to be optimized to 
reduce void droplets and reach a high yield for single bead printing. Once this is achieved, impedance-based cell detection 
opens up the option for chip-integrated label-free single cell sorting. 
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ABSTRACT 

 A new microfluidic chip (multiple electric field chip-II, MFCII) was developed to create multiple electric fields (EFs) 

to study the electrotaxis of lung adenocarcinoma cells. MFCII delivers high experimental throughput in comparison to 

conventional methods. The cell electrotaxis under three different electric field strengths (EFSs) and the control condition 

(no EF) can be studied in a single experiment. Also, with the homogeneous flow field in the main channel where cell 

migration is studied, the possible biological effect of shear force can be neglected. 

 

KEYWORDS 

 Microfluidic biochip, Electrotaxis, Multiple-electric-field, Cancer metastasis 

 

INTRODUCTION 

 Physiological electric fields presumably arise from transepithelial potential difference with range from tens to 

hundreds of mV/mm have been investigated extensively in embryo development, neurogenesis, and wound healing. [1] 

Under the physiological electric fields, cells may show directional migration named electrotaxis or galvanotaxis. In 

recent years, many cancer cells have been found to be electrotactic, but the role of physiological electric field in cancer 

biology is widely uninvestigated.[2 5] 

 Conventional methods to investigate electrotaxis are based on dish devices or transwell devices.[6 8] However, 

these methods have drawbacks including low experimental throughput, lack of miniaturization, complex assembly, risk 

of contamination, and risk of medium evaporation. 

 In our previous work, a microfluidic chip, MFC, was developed to create multiple EFs by manipulation of 

cross-sectional area. [5] MFC overcame the disadvantages of conventional methods by miniaturizing the experimental 

setup and increasing the experimental throughput. Cell electrotaxis under three EFSs has been studied in MFC in a single 

experiment. The overall experiment time using MFC is shortened than those using conventional dish-based devices. 

 However, the varied cross-sectional area in the consecutive segments in MFC results in a flow velocity ratio that is 

proportional to the EFS. In consequence, the segment with the highest EFS has the highest flow velocity and vice versa. 

The biological effect of shear force cannot be distinguished from the EF stimulation because electric field and flow field 

are coupled. 

 We report a new design, MFCII, in which electric field and the flow field were decoupled by interconnecting 

segments, as shown in Figure 1(a). The equivalent circuit of MFCII is shown in Figure 1(b). A 4 mm-wide channel were 

segmented so four electric fields with electric field strength (EFS) ratio of 7.9 : 2.8 : 1 : 0 were obtained with flow 

velocity variation of only 7.8% (coefficient of variation). 
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EXPERIMENT 

 The electric field and flow field in MFCII was numerically simulated using a commercial finite volume method 

software suite, CFD-ACE+, as shown in Figure 2(a) and (c). The EFSs in the four segments were measured by inserting 

Ag/AgCl electrodes as shown in Figure 2(b). 

 MFCII was fabricated by CO2 laser ablation on poly-methyl methacrylates (PMMA) substrates. A standard tissue 

culture poly-styrene dish was used as the substrate for cell migration study. Cells were injected in the microfluidic 

channel in MFCII and cultured on a transparent indium tin oxide heater on a phase contrast microscope.[9] The 

schematic diagram of MFCII setup can be seen in Figure 3. 

 The performance of MFCII was validated by studying the electrotaxis of CL1 lung adenocarcinoma cells. CL1 cells 

were subjected to in vitro invasion assay selection to yield CL1-0 (less-invasive) and CL1-5 (highly-invasive) cells. The 

electrotaxis directedness results of CL1 cells were shown in Figure 4. CL1-5 cells showed anodal electrotaxis with 

directedness proportional to EFS while CL1-0 cells were non-electrotactic. The directedness results of both cells in null 

region (EF=0) and control (no EF application) was indistinguishable suggesting that null region can be used as the 

control condition. 
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Figure 1. (a) The top view of MFCII. A 4 mm-wide 
channel is divided by 1 mm, 1 mm, 2 mm-wide vertical 
channels into segment I, II, III, IV. 

 
Figure 2. (a) The EF distribution of MFCII. (b) The 
measured EFS and simulated EFS in the middle of the 4 
mm-wide channel (b) The flow field distribution in 
MFCII. 

 

Figure 3. MFCII is composed of the PMMA top assembly, 
patterned double-sided tape, and the poly-styrene dish. 
Miniaturization of cell culture chamber in combination 
with an ITO heater allows easy, contamination-free cell 
culture and cell migration visualization. A direct current 
is applied through Ag/AgCl plate electrodes to introduce 
EF into the chip. 

 

Figure 4. The directedness of CL1 cells in MFCII under 
three EFSs, the null region in segment IV, and without 
electric field application as control. The inset shows the 
definition of directedness as average cosine of the angle 
between electric field vector and the Euclidean vector 
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ABSTRACT
We report a 3D microfluidic chip for cell fusion which utilizes hydrodynamic force for trapping the cells 

followed by fusion with the aid of electrokinetic phenomena via 3D liquid metal electrodes. This two layer 
microchannel design gives high cell fusion yield with higher efficiency without any cell damage. 
 
KEYWORDS

Cell fusion, 3D microfluidic chip, 3D liquid metal electrodes 
 

INTRODUCTION
 Cell-cell interaction is a major part of research due to its importance in many biological processes like 
hybridoma engineering, cancer immunotherapy, and genetic information. Recently it has been possible to 
manipulate the microparticles by means of optics, electricity, magnetic force, and hydrodynamic force [1, 2]. 
However, most of these devices have a complex process for this purpose [3]. In this article, our designed cells 
fusion chip would trap and pair cells in series of locations. Beside, a liquid metal material is firstly integrated and 
applied in cell fusion application. Finally, the results of cell fusion morphology provide the evidence of our cell 
fusion concept. 
 
EXPERIMENT
 As shown in Fig. 1, the upper channel comprises of cell trapping locations and is placed just above the bottom 
channel which gives a structural advantage for trapping the cells by using the dragging force from the bottom 
channel. 

Figure 1: Cross-sectional view of the cell fusion chip with liquid metal electrodes and the SEM images of the 
top and bottom channel. 

 
As shown in Fig. 2, the Gallium-based liquid metal electrodes are fully filled in the microchannels adjacent to 

the top channel used for trapping the cells. The three dimensional liquid metal electrodes induce uniform DC 
electric field through the thin PDMS wall to induce electrofusion necessary for pairing of A549 lung cancer cells.  
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 Figure 2: Top view of the cell fusion chip. Metal electrode, Gallium, fully filled in the 50μm height 
microchannel provides a 3D uniform DC electric field for cell fusion. 
 
 An equivalent electric circuit model with the correlations of flow pressure to the voltage, flow rate to the 
electric current and hydraulic to the electric resistance is used to illustrate the phenomenon of trapping and 
pairing of microparticles as shown in Fig.3.When A549 lung cancer cells injected from the inlets and 
withdrawing force is applied from the outlet in the bottom channel, the cells get trapped at the location, node A, 
because the flow resistance of the path from inlets to the location, node A, is the lowest. When the location, node 
A, in the top microchannel gets blocked, the path of shortest flow resistance shifts to next immediate location, 
node B, and the cells get trapped at this location and so on. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3(a)~(d) An equivalent electric circuit model of the microfluidic system in sequential steps and (e) 

Schematic diagram illustrating the simulation of 3D microfluidic structure. 
 

  The cells get trapped sequentially as shown in Fig. 4, the polystyrene beads, 50µm diameter, get trapped 
sequentially in the array of trapping locations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Figure 4: Top view of the two-layer channel demonstrating the high efficient trapping and pairing process of 50 
μm diameter microparticles via hydrodynamic force. 
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 As shown in Figure 5, A549 lung cancer cells are trapped and paired in a series of cell fusion locations which 
have minimum flow resistance. There are twelve paired cell groups filling fifteen trapping locations. 
 

 
 
 
 
 
 
 
 
 

  
 Figure 5: Paired cells of A549 lung cancer cells in each locations of two-layer microchannel. The cells 
suspended in liquid flow are trapped and paired efficiently via hydrodynamic force. The liquid flow also enhances 
cell-cell contact and increases fusion phenomenon. 
 
 After applying an external DC signal on the 3D liquid metal electrodes, it provides enough electric field 
through thin PDMS wall to perforate the cell membrane and fuse the two cells as shown in Fig. 6.  

 
 
 
 
 
 
 

 
 Figure 6. (a)~(c) The sequent morphology change of A549 lung cancer cells which are paired and fused in the 
trapping location via DC electric field of liquid metal electrodes. (c) At t=15min the fused cells show only one 
cell membrane. 
 
CONCLUSION

We were successful in designing a high yield cell fusion chip with 80% efficiency which utilizes 
hydrodynamic force for trapping the cells in two-layer microchannels. Furthermore, a 3D liquid metal electrode, 
Gallium, was firstly integrated to exert uniform DC field on the paired cells to allow its fusion in our microfluidic 
design 
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ABSTRACT 

MicroRNAs have attracted increasing attention in recently years due to their roles in regulation gene expression 
and associations with many human diseases, such as cancers and heart disease. In this study, we presented a 
droplet-based microfluidic system for quantifying microRNA in single cell level with two-step real-time quantitative 
RT-PCR (RT-qPCR). All the steps of single cell processing, including droplet generation and single cell 
encapsulation, cell lysis, reverse transcription, and real-time PCR, were fully integrated on the nanoliter-scale droplet 
array system. As a demonstration, we applied the system to quantify the expression of microRNA-122 in single 
Huh-7 cells. 

 
KEYWORDS 
Single cell analysis, RT-qPCR, Droplet microarray 

 
INTRODUCTION 

Recent studies indicated that microRNAs participate in many important cell processes, including early 
development, cell proliferation, as well as cell apoptosis. The expression level in cells can reveal many human 
diseases. The ability to measure the microRNA expression in single-cell level could help to diagnose human disease 
at its early stage. Various microfluidic systems have been successfully developed for single cell RNA quantification, 
such as valve-controlled PDMS chips [1] and droplet microfluidics [2]. Droplet-based microfluidics holds many 
advantages for single cell analysis, including ultra-small reaction volume, parallel assays, high throughput, and 
minimal cross-contamination. However, in most of droplet systems, it’s difficult to perform multi-step and multiplex 
droplet manipulation. We have developed a flexible droplet manipulation system namely DropLab [3]. In this work, 
we further developed the DropLab system into two-dimensional droplet array form and applied it to single-cell 
microRNA quantification with RT-qPCR technique [4]. 

 
EXPERIMENT 

The procedure for single cell RT-qPCR was illustrated in Figure 1. A 16×16 hydrophilic spots array patterned on 
a silicon chip was used to immobilize the droplets during the whole process. The microchip was fixed on an x-y-z 
translational stage to precisely control the position of droplet dispensing. The droplets containing single cells or 
reagents were generated with a tapered capillary combined with a high-precision syringe pump. Droplet containing 1 
nL cell suspension, 19 nL RT mixture and 30 nL PCR mixture were sequentially dispensed before heat lysis, reverse 
transcription and PCR, respectively. For real-time detection, the fluorescence image during each cycle was recorded 
by a CCD camera, and the fluorescence intensity of each droplet was read out using a program written with Labview. 

 

 
 

Figure 1. Schematic illustration of RT-qPCR process for single-cell microRNA quantification. 
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RESULTS AND DISCUSSION 
We applied this system to quantify microRNA in single cell level. The synthetic microRNA-122 was serially 

diluted over six orders (from 103 to 109) of magnitude to test the performance of real-time RT-qPCR. Excellent linear 
relationship between the log copy number of mir-122 input and threshold cycle (Ct) value was obtained (Figure 2). 
The low detect limit and large dynamic range proved the ability of the present system for microRNA quantification 
at single cell level.  

The preliminary result of single cell assays was shown in Figure 3 and Figure 4. The mean CT value was 27.26 
(SD=1.61), corresponding to the average of copy number per cell was 10122 (SD=5104). Clear difference of 
microRNA expression was observed among individual cells. The copy number of microRNA-122 in single Huh-7 
cells was in the range of 3000-24000. 

 

 
 

Figure 2. RT-qPCR assay of synthetic microRNA-122. (a) Fluorescence images of droplet array at different thermal 
cycles. (b) Amplification plot of mir-122 over six orders of magnitude. (c) Standard curve of mir-122. 

 

 

Figure 3. Scatter plot showing CT values from RT-qPCR measurement of mir-122 in Huh-7 cells. 
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Figure 4. The copy number of mir-122 in single Huh-7 cells. 
 
CONCLUTION 

Here, we presented a nanoliter-scale droplet array system for single cell miRNA quantification with two-step 
real-time quantitative RT-PCR (RT-qPCR). With the flexible droplet manipulation ability, all steps of single cell 
processing, including cell encapsulation, cell lysis, reverse transcription and real-time PCR, were fully integrated. 
Single-cell measurement of microRNA-122 expression in Huh-7 cells was successfully performed on chip in 50nL 
droplet, and 256 parallel assays were achieved per run. The preliminary result showed great potential of this system 
in single cell gene analysis. 
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ABSTRACT 
    This paper reports a cell rolling cytometer (CRC) for controllably contacting and transporting cells in 
suspension using a three-dimensional microtopography coated with adhesion molecules, which enables 
quantification of cell-surface adhesion dynamics via transit time and lateral position at the single cell level. The cell 
rolling cytometer comprises slant ridges which not only enhance cell-surface interactions for cell tethering, but also 
direct the rolling of target cells. This approach enables simple, rapid quantification of cell adhesion to surface-bound 
molecules such as selectins at the single cell level. 
 
KEYWORDS 
Cell rolling cytometer, Adhesion molecules, Microfluidics, Mesenchymal stem cell.  
 
INTRODUCTION 

Cell rolling on vascular surfaces is the first, crucial step to recruit specific cells (i.e. leukocytes, cancer cells, and 
stem cells) from the bloodstream to a target tissue [1]. Quantitative assessment of cell rolling adhesion is critical for 
development of mesenchymal stem cell (MSC) therapies, where heterogeneous cell morphologies and 
donor-to-donor variations can result in variable cell adhesion that can potentially impact cell homing to target tissues 
[2]. While flow chambers have been employed for in vitro cell rolling adhesion assays [3], they lack a means to 
force cells to contact the surface and characterize only those cells that happen to interact with the surface. 
Microfluidic devices have recently employed mixing approaches using surface grooves to create circulating 
streamlines that enhance cell-surface interactions, resulting in higher cell capture efficiencies [4,5]. In these 
approaches, the cell adhesion occurred through long channels of l > 4 cm that are also not suitable for quantifying 
rolling cell adhesion as they can characterize cells only in a part of the channel within the field of view.  

 
ASSAY PRINCIPLE 

To overcome these challenges, we developed a cell rolling cytometer for controllably contacting and transporting 
cells in suspension using adhesion molecule-coated ridges, which enables quantification of cell-surface adhesion 
dynamics via transit time and lateral position at the single cell level (Figure 1). The device operation is based on 
"deterministic cell rolling" wherein a three-dimensional topography induces effective contact of cells with adhesion 
surfaces that support rolling of target 
cells, which alters their trajectories 
deterministically and results in cell 
separation [6]. We designed the adhesion 
channel with small dimensions (200 µm 
× 2,000 µm) to observe and characterize 
the trajectory of every cell flowing 
through the channel (Figure 1). Using the 
CRC, we examined the hypothesis that 
adipogenic and osteogenic MSCs have a 
different adhesion capability with 
undifferentiated MSCs.  

 
EXPERIMENT 

The devices were fabricated in 
poly(dimethylsiloxane) (PDMS) using 
soft lithography, with ht = 87.6 µm and 
hg = 25.8 µm for HL60 cells, or ht = 
100.9 µm and hg = 36.1 µm for MSCs, 
where ht is the total channel height and 
hg is the gap height between the top and 
bottom ridges (Figures 1 and 2). The 
whole channel was incubated with 1.5 
µg/mL P-selectin for HL60 cells and 30 
µg/mL E-selectin/Fc for MSCs and then 
washed with 1% BSA solution. HL60 

 
Fig. 1. Cell rolling cytometer. Schematic of the microfluidic device in 
which cells are controllably contacted with adhesion molecule-coated 
ridges and the adhesion of single cells is quantified via transit time, tt 
and rolling trajectory, x. Specific adhesion interactions retard the cell 
and change its trajectory. 
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cells were cultured in Iscove’s modified Dulbecco’s medium with supplements. Human mesenchymal stem cells 
(MSCs) were obtained from Lonza and cultured in MSCGMTM medium (Lonza) according to the supplier protocol 
and used at passages 4-7. For adipogenesis and osteogenesis of MSCs, the medium was switched to adipogenic and 
osteogenic differentiation medium (Lonza), respectively. Histochemical staining was performed to examine cell 
differentiation. MSCs stained positive for Oil Red O when differentiated to adipocytes and were positive for alkaline 
phosphatase upon undergoing osteogenesis. A syringe pump was utilized to wash the device with 1% bovine serum 
albumin solution and to control the flow rates of cell suspensions. 
 
RESULTS AND DISCUSSION 

Using HL60 cells as controls, we first examined whether the cytometer could identify rolling from non-rolling 
phenotypes in terms of transit time and lateral position. While HL60 cells did not interact with BSA-passivated 
surfaces, they exhibited distinct trajectories on P-selectin coated surfaces (Figure 3A and 3B). With the CRC at 3.5 
dyn/cm2, we observed that rolling HL60 cells took ≈25 times longer than non-rolling HL60 cells to pass through the 
channel (tt > 2.5 s) (Figure 3C). Gating in this region yields 86.9 ± 2.8% in the right two quadrants (n = 3). At shear 
stresses of 7.7 and 10.5 dyn/cm2, the capture efficiency of a control flat chamber was significantly compromised (p < 
0.05). In contrast, the CRC exhibits high efficiency in capturing cells and supports stable rolling in the range of shear 
stress (3.5 to 10.5 dyn/cm2). We demonstrated the capability of the CRC to capture cells in the controlled location, 
the ridge region, which can be crucial for quantification of cell adhesion at the single cell level. 

Next, we assessed MSC rolling adhesion on E-selectin-coated channels and found that 85.3 ± 4.0% of the MSCs 
exhibited robust rolling on these surfaces at 1.7 dyn/cm2 (Figure 4). The rolling response decreases in a shear 
stress-dependent manner (Figure 4B). As expected, the CRC was highly effective at capturing cells, whereas 
significantly less capture was measured with the control flat chamber device (p < 0.05 for all shear stress conditions 
tested), suggesting that forced cell contact is crucial for initiation and assessment of rolling adhesion. Previously 
MSCs have been shown to exhibit poor rolling properties on a flat selectin coated surface [7]. Given that MSCs 
preferentially home to sites of inflammation that suggests there is a rolling mechanism [4], the CRC is an effective 
method to probe the rolling adhesion of a cell type that exhibits non-robust rolling properties 

 
Fig. 2. Optical micrographs showing a cell rolling cytometer formed in PDMS. Scale bars, 200 µm. 

 

 
Fig. 3. (A, B) Trajectories of HL60 positive control cells that exhibit robust cell rolling properties in (A) 
BSA-passivated and (B) P-selectin coated channels. (C) Analysis of rolling adhesion of HL60 cells in (Left) 
BSA-passivated and (Right) P-selectin coated channels. (D) Efficiency of HL60 cell adhesion in the cell rolling 
cytometer and flat chamber device (n =3). 
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Fig. 4. (A) Scatter plots of the transit time and lateral position of 400 MSCs in IgG-passivated (Left) and 
E-selectin-coated cytometers (Right). (B) Efficiency of MSC adhesion in the cell rolling cytometer and the control 
device with the flat flow chamber. (C) Effects of MSC differentiation on MSC rolling adhesion. Error bars show 
standard deviations (n = 3). (D) Histochemical staining was performed to assess differentiated adipogenic (Left, Oil 
Red O stain) and osteogenic MSCs (Right, alkaline phosphatase stain). 
 

Analyses for differentiated MSCs showed that the rolling response in both differentiated populations was 
significantly decreased relative to undifferentiated control group, suggesting that significant correlations exists 
between MSC differentiation (adipogenesis and osteogenesis) and rolling response (Figure 4C). 
 
CONCLUSION 

These results indicate that (1) the proposed cell rolling cytometer enables quantitative analysis of rolling cell 
phenotype by high capture efficiency, (2) E-selectin is an adhesion molecule mediating rolling adhesion of MSCs, 
(3) significant correlation exists between MSC differentiation (adipogenesis and osteogenesis) and rolling response. 
(4) rolling assay of MSCs mediated by E-selectin can be a potential, non-invasive means for MSC quality control.  
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ABSTRACT
Caenorhabditis elegans (C. elegans) has been widely used in genetic and neurobiological studies because of its 

simplicity, similarity with humans, and optical accessibility. However, its small size and mobility make it 
challenging for researchers to conduct experiments on these microorganisms. The development of microfluidic 
technology enables easy manipulation of C. elegans with spatial and temporal precision; however, most current ones
remain cumbersome and complicated. To overcome these limitations, we have developed a multi-channel 
microdevice for rapid loading, trapping, stimulating and imaging worms. The device is easy to use based on passive 
regulation, simple to make even for non-experts, and increase the parallel experiment numbers.

KEYWORDS
C. elegans, high-throughput, multi-channel array, selective stimulation, KillerRed

INTRODUCTION
C. elegans, a free-living nematode, has been extensively used for characterizing phenotypes and performing 

visual screens to identify various biological processes [1, 2]. It is a powerful model because of many conserved 
biological mechanisms, known wiring diagrams, sequenced genome, and transparent body. Recently, microfluidics 
has enabled easy manipulation and fast measurement [3]. However, most of the microsystems designed for C. 
elegans require large and expensive off-chip components as well as complex fabrication. Moreover, high-density 
array platforms are difficult to promptly and selectively stimulate targets without active elements. To overcome these 
limitations, we developed a single-layer multi-channel device for worm imaging with the capability of 
high-throughput target-selective stimulation.

EXPERIMENT
The PDMS device includes 133 individual channels to trap worms, readily for imaging (Fig. 1). Through a 

serpentine channel, worms or reagents can be delivered and worms are individually loaded to imaging channels. 
Restriction channels prevent worms from escaping and enable continuous flow to deliver flow and chemicals. 
Additionally, flow across the restriction channel is fast enough to position worms in relatively identical locations. 
Another key feature is the engineered resistance channels between imaging and serpentine channels to make the bulk 
of the flows along the serpentine channel. These features enable efficient worm loading within a few minutes 
without any active elements on the device (Fig. 2a-c); the device operation is very simple and does not require any 
complex off-chip components.

Figure 1. The schematics of multi-channel imaging device which consists of a serpentine channel (A), trapping 
channels for imaging individual worms (B), restriction channels (C), and resistance channels (D). White arrows 
represent the direction of flow which can carry worms and chemicals

Figure 2. Optical photographs showing C. elegans loading in the imaging channels. a)-d) Sequential images 
showing the single worm trapping in an imaging channel in a few seconds. e) Optical photographs of the whole chip 
loaded with C. elegans(130 out of 133 total). Red triangles point at traps successfully loaded with single worms; 
white triangles at empty channels. 
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    On average, loading efficiency is higher than 85% (Fig. 2d). The high loading efficiency induces several 
benefits: 1) applying the same homogenous chemical stimulation on high density of worms loaded in the device, 2) 
fast imaging and 3) allowing for repeated characterization of specific cellular phenotypes because of the regularly 
arrayed samples. Experimentally, the angle between the loading channel and the serpentine channel is optimized as 
20⁰ for high loading efficiency. Based on COMSOL simulation, the ratio of flow rates is characterized as a function 
of key features in the loading efficiency (Fig. 3). The more slanted the imaging channel, the higher the ratio of flow 
rates, which increases loading efficiency. In the case of 10⁰ device, worms tend to be trapped in a short period time 
but they easily escape from the channels.  
 

 
Figure 3. Device characterization. a) The loading efficiency was analyzed experimentally (n=3) with C. elegans in 
1mM tetramizole to consider channel geometry, particularly angle between serpentine and imaging channel. b) the 
flow ratio between serpentine and imaging channel was characterized as a function of angle using COMSOL 
simulation. Error bars represent SEM.  

 

    Our microdevice can be applied to observe the phenotypic changes in response to chemical stimulation useful 
for drug and chemical screening. Chemicals can be easily delivered to each worm in the imaging channel and 
switched within a few seconds (less than 10sec) in a controlled manner (Fig. 4), which could be useful as a chemical 
pulses for a temporal stimulation These compound pulses can be generated using a 4-way valve and applied to track 
the dynamic responses such as calcium transients in the neurons. The delivery of chemicals is also very reproducible 
in the device from channel to channel (Fig. 4a). Besides, for a spatial stimulation, two different stimulants can be 
selectively applied to alternative rows by tuning flow rates from two inlets; alternatively, a gradient of concentration 
can be applied to each row in the whole device (Fig4b).  
 

  
Figure 4. The spatio-temporal selection for the localized stimulation a) Plot showing saw-tooth shaped chemical 
delivery in one channel in the first row and the other channel in the last (7th) row as a function of time. Both 
channels were occupied with worms. b) Optical micrograph showing the spatial-selective stimulation caused by 
tuning of the flow rates from two purple and green stimulants.  
 

Finally, to demonstrate the ability of optical selective stimulation, worms with KillerRed expressed in the 
mechanosensory neurons and control worms with dsRed-expressing sensory neurons were trapped, optically 
stimulated, and observed in the array device. Genetically encoded KillerRed produces a cell-toxic effect by reactive 
oxygen species induced by light-activation [4]. Because the worms were arranged in predictable orientations and 
locations in the array device, we could project specific light patterns to photoactivate or to image. We observed 
photo-ablation of ALM and PLM neurons (after 30min irradiation) and no damage in control neurons that only 
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express fluorescent markers (Fig. 5).  We envision this multiple array device will be useful for repeatable fast 
imaging and selective stimulation, and will greatly facilitate a broad range of developmental and functional studies 
in neuroscience. 

 

 
Figure 5. Fluorescent images of a KillerRed-integrated worm. Green light induces killing of mechanosensory 
neurons within a live C. elegans. Time course of a) targeted mechanosensory neurons (ALM and PLM) and b) 
control chemosensory neurons (AWC) before and after irradiation. Green-light irradiation (x5, 540-580 nm 
excitation filter, 4mW/cm2) for 30min let to cell death within a day. On the contrary, no effect on dsRed markers of 
green light was detected in control neurons even after 24hr later. 
 
CONCLUSION 

Here, we present a simple multi-channel device for fast worm imaging with the ablility of high-throughput 
target-selective stimulation in dense arrays. Our device provides up to 97% loading efficiency without any active 
controls, which renders the fabrication simple and its operation easy. Using this multi-channel device, we were able 
to measure chemical delivery to a large number of individual worms. Furthermore, we showed the results of a 
selective stimulation using the phototoxic protein-integrated worms on this multi-channel device. We envision this 
multiple array device will be useful for repeatable fast imaging and selective stimulation, and will greatly facilitate a 
broad range of developmental and functional studies in neuroscience. 
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ABSTRACT 
   We report a novel microfluidic integrated optoelectronic tweezers platform for single- and multi-cell sample 
preparation and analysis. This platform allows users to selectively pick targeted individual cells from a population 
based on their optical signatures such as size, shape, and fluorescence colors, and transport them into isolated 
chambers using light induced dielectrophoretic forces. Single cell samples in these chambers can be cut into 
nanoliter digital liquid plugs by airflow, pushed to outlets, and extracted out of the chip for downstream analysis 
using commercial instrument such as polymerase chain reaction (PCR). 
 
KEYWORDS 
Optoelectronic tweezers, single- cell analysis, dielectrophoretic forces, carbon nanotube thin film.  

 
INTRODUCTION 

Single cell analysis is the trend for future biomedical diagnostics. Microfluidics has been shown to have great 
potentials in single cell analysis due to its capability in handling small liquid volume. However, microfluidics is 
weak in handling individual cells in fluid. Although numerous techniques utilizing physical mechanisms from 
electric, magnetic, acoustic, and optical forces have been applied for cell manipulation, most of them are limited to 
trapping, sorting, or concentrating cells. Optoelectronic tweezers (OET) promises a platform for high throughput 
single cell manipulation using light induced dielectrophoretic forces on a low cost silicon coated glass [1]. One of 
OET’s current challenges, however, is in its difficulty of integration with other microfluidic components since it 
requires special electrodes to satisfy several interfacing issues [2]. This paper presents the first microfluidic 
integrated OET that utilizes SWNT embedded PDMS thin film as the electrode and multilayer PDMS channels to 
provide the valve functions for fluid control. Integration of OET with microfluidics promises a powerful platform for 
both fluid and cell manipulation. This platform is able to achieve multistep single cell sample preparation functions 
from on-chip cell selection, cell isolation, liquid plug formation, liquid plug transportation, and extraction for 
external single cell analysis using commercial high sensitivity instrument.  

 
EXPERIMENTAL 

Figure 1 shows the schematics of a microfluidics integrated OET and the procedure of preparing single cell 
samples. This platform consists of an OET surface and multilayer PDMS channels. The multilayer PDMS have two 
layers of channels. The bottom fluidic channel contains aqueous solutions carrying biological cells or particles. The 
top actuation channel is used to control the membrane valve (Fig. 1A). OET performs cell manipulation in the region 
covered by SWNT thin film (Fig. 1A). The pneumatic valve is used to confine liquid while the OET is used to 
actively select target cells. 

 
Figure 1. (A) Schematic of the microfluidic integrated OET platform. The SWNT electrode enables OET integration 
with multilayer PDMS based microfluididics. Cell manipulation in OET is achieved by light-induced DEP forces on 
a photoconductive surface. The elastomeric PDMS membrane valve controls fluid flows on the chip (B) The 
procedure of preparing single cell samples for analysis by this platform. 
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Figure 2A is a microscopic image of a fabricated device. The fabrication method of SWNT electrode embedded 
in PDMS are shown in our prior work [2]. The device consists of a main channel and several branch channels with 
SWNT top electrodes. Only one pressure source and one pneumatic valve are used to control fluid flows in all 
branch channels. Fig. 2B-E presents the steps of preparing single cell samples. First, cell mixture is introduced into 
the main channel (Fig. 2B) when all the valves in the branch channels are closed. Target cells are selectively picked 
up by OET under a microscope based on their optical signatures (Fig. 2C) and transported into the T-junction regions 
in neighboring channels. The main channel is pressurized by airflow to leave an array of isolated liquid plugs with 
single cells (Fig. 2D). The airflow further pushs these liquid plugs across the valves to the outlets. Liquid plugs are 
extracted out from the chip and stored in standard PCR tubes containing mineral oil (Fig. 2E). The number of single 
cells contained in a liquid droplet can be arbitrarily tuned in the OET selection step. To perform quantitative reverse 
transcriptase polymerase chain reaction (RT-qPCR), RT-qPCR mixture is merged with the droplets and puts into a 
commercial real-time PCR system (Fig. 1B). 

 

 
Figure 2. (A) A microscopic image of channels and valves on a microfluidic integrated OET platform. (B) Cell 
mixture is injected into the main channel. (C) Target cells are identified and selectively transported into branch 
channels by light beams. (D) The main channel is flushed by airflow to form liquid plugs in the branch channels. (E) 
The pneumatic valve is then open for pushing liquid plugs to outlets for extraction. 

 
RESULTS  

To demonstrate the fluorescence-based cell identification and cell separation, HeLa cells stained with Calcain 
AM were imaged and separated from the population. Cell mixture was introduced into the microfluidic OET and 
inspected under a microscope in the bright field and fluorescence modes (Fig. 3A-B). The stained HeLa cell (circled 
by dotted line in Fig. 3) was clearly recognized in the population under the fluorescent mode. The target cell was 
pulled out and moved into an branch channel (Fig. 3C-F). Once the target cell was moved into the adjacent channel, 
airflow was then induced to remove the fluid in the main channel and create digital liquid plugs in the branch 
channels. The volume of the liquid plugs can go down to nano-liter. Fig. 3H shows the target cell stay at the same 
location in the branch channel after the liquid plugs form.  

To demonstrate the downstream single or multiple cell analysis, we have measured the level of beta-actin 
mRNA of the cell samples prepared by microfluidic OET by RT-qPCR. Fig. 4 shows the amplification curves of cell 
samples and standard samples. The samples containing one or five target cells were prepared by the microfluidic 
OET platform. The standard curve was generated with known amount of human reference cDNA (Clontech) for the 
detection of the amount of the target cDNA. All qPCR was performed with a commercial machine (Lightcycler 480, 
Roche) and PCR kit (RNA Master Hydrolysis Probes, Roche Applied Science). Taqman primers and probe for 
human beta-actin were synthesized by Roche Applied Science. 1µL cell droplet was directly merged with 9µL 
reagents mixture and then subjected to RT-qPCR with 180 sec reverse transcription at 63°C, 30 sec pre-denaturaion 
at 95°C, following by 45 cycles of denaturaion at 95°C (15 sec), annealing 60°C (45sec) and elongation at 72°C (1sec). 
The threshold cycle (Ct) value of the curves in Fig. 4 were analyzed by the 2nd derivative maximum method (y = 
-3.739x + 32.19). The Ct value of single-cell samples was 34.20. The Ct value of five-cell sample was 30.61.   
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Figure 3. Images of single cell preparation on the microfluidic OET. (A) The initial position of a target Hela cell is 
circled with write lines. (B) The fluorescent image of (A). (C)(D) The target cell is selected and moved away from 
other cells. (E)(F) The target cell is moved to the entrance of a perpendicular channel. (G) The target cell is inside 
the branch channel. (H) A liquid plug is formed in front of the valve after airflow in the main channel. Scale bars are 
200µm. 

 
 

 
Figure 4. qPCR of cDNA converted from Beta actin mRNA extracted from single and 5 HeLa cells. Data is compared 
with curves showing amplification of serial dilutions of reference human cDNA. 
 
CONCLUSION 

In conclusion, we have demonstrated a microfluidic integrated OET platform for single-cell or multi-cell sample 
preparation. The platform employs light-induced DEP and PDMS microfluidic channels to sort target cells based on 
their optical signatures into isolated droplets for downstream analysis. The optical cell manipulation function 
simplifies the design of microfluidic device for single cell analysis. Single-cell/multi-cell samples have been 
successfully prepared for analyzing the level of beta-actin mRNA by real-time RT-PCR.  
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ABSTRACT
In this paper, we report the development of a large-scale microfluidic gradient generator array for the study of axon 

growth and guidance dynamics of up to 1024 individual primary mammalian neurons in parallel. We adapt a previously 
reported microfluidic method of creating gradients on open surfaces termed “microjets” [1]. We combine microjets with 
live-cell, auto-focus time-lapse imaging to create an integrated platform. This format (a) gives us statistically-rich data 
from each experiment, (b) produces a stable gradient with negligible shear forces on the culture surface, (c) is amenable 
to long-term culture of neurons, and (d) allows for the presentation of concentration gradients of two opposing 
biochemical molecules.  

KEYWORDS: Microfluidics, gradient generator, axon guidance, PDMS, primary mammalian neurons 

INTRODUCTION 
Morphogen and chemokine gradients have been widely implicated in myriad biological phenomena, such as stem-cell 

differentiation, axonal navigation, cell migration, and immune response [1]. However the difficulty associated with 
manipulating these intricate processes in vivo motivates the development of high-throughput platforms that can present 
precisely controlled gradients of diffusible biochemical cues to isolated individual cells and track their response real-time. 
We have previously described a method for generating steady-state gradients on open surfaces [2], in which it is possible 
to expose axons to a gradient of a diffusible biomolecule, with negligible shear imparted on the cultured cells [3]. 
However, in order to ensure that the axonal dynamics we observe is necessarily and sufficiently a response to the 
externally applied gradient of a biomolecule, it was imperative that we created single-neuron microfluidic gradient 
chambers.  To achieve this, we have implemented a parallel array of single cell microfluidic gradient generators. 

EXPERIMENTAL METHODS 
The microfluidic gradient generator array is fabricated by contact-transferring a 250 µm poly(dimethylsiloxane) 

(PDMS) micro-structure, “exclusion-molded” off a master template created using multi-layer standard SU-8 
photolithography on silicon wafers, as described earlier [2].  Each unit of the array, henceforth called the gradient 
chamber, is 250 µm high, 200 µm wide and 400 µm long, and is fed on each side by a row of microjets, 2 µm high and 
10 µm wide (Fig 1a).  The gradient chambers are 1.2 mm apart, resulting in a 16x64 rectangular array. The cured PDMS 
membrane after being picked up from the silicon master, with a fluoro-polymer backed mylar sheet (3M Scotchpak 
Release Liner 9744), is plasma bonded to a glass cover-slide [2].   

After the assembly, characterization and sterilization of the devices, dissociated neurons from E18 mouse 
hippocampus (12,000 cells/mL) are allowed to settle onto the device, the surface of which is pre-coated with polylysine 
(50 µg/mL, 1 hour) and laminin (5 µg/mL, 8 hours). The cells are cultured in the chambers for 24 hours (in case of axon 
guidance studies), or 2 hours (in case of axon specification studies). For the axon guidance studies we interrogated the 
neurons with a gradient of netrin (200 ng/mL on one end and media on the other), which resulted in a linear gradient 
across the 200 µm width of the chamber, for 6-12 hours. We used trace amounts of fluorescent-BSA to visualize the 
gradient. For the axon-specification studies, we presented the cultured neurons with a gradient of 8-Sp-Br-cAMP (a cell-

 

Fig 1: Characterization of the 
microjet array gradient: (a) 
Micrograph of the entire device 
filled with food-coloring dyes 
(scale bar = 2 mm and 0.5 mm 
(inset)). (b) BSA-Alexa Fluor 
594 and BSA-Alexa Fluor 488 
creating an opposing gradient in 
a single reservoir (scale bar = 
0.1mm). (c) The surface 
gradient as visualized by 
fluorescein and Orange-G. (d) A 
large-scale 16x16 section of the 
gradient reservoirs. (e) Gradient 
profiles in the 256 reservoirs.  
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permeable analog of cyclic AMP) at 20 µg/mL and maintained the gradient for 18-24 hours. In both cases, we obtained 
time-lapse images every 15 minutes, using a TE-2000 Nikon inverted epi-fluorescence microscope. 
 
RESULTS AND DISCUSSION 

The gradient in the chambers is visualized with 10 mM red and blue food coloring dues (as shown in Fig 1(a), and the 
corresponding higher magnification inset). The gradient is established within 5 minutes of initiating flow through the 
microjets in the device. The shape and profile of the gradient can be altered by modulating the pressure heads (or the 
flow rate, if using syringe pump) driving the flow in the two sets of microjets. Unlike in most microfluidic gradient 
generators, in our device the gradient is primarily created by convection (i.e. the effect of diffusional transport is 
negligible). Therefore, the resulting concentration profile is independent of the molecular weight of the species, which 
allows us to use tracer molecules to visualize the gradient. In Fig 1(b), we use fluorescently labeled bovine serum 
albumin (BSA) to visualize the gradient, and the profile appears similar to the food coloring dyes.  

We used a previously described method based on Beer-Lambert law [4] to measure the surface gradient in the 
chambers (Fig 1c), which is a more accurate indication of what the cells sense. In order to visualize the surface gradient, 
1 mM fluorescein mixed with 45 mM Orange G was flowed through one set of microjets, while the bath, chambers and 
the other set of microjets was filled with 45 mM Orange G.  The protocol utilizes the light absorption spectrum of 
Orange-G, a non-fluorescent dye that absorbs energy strongly at the excitation wavelength (490 nm) of the dye 
(fluorescein), but weakly at its emission wavelength (540 nm). Orange-G competes with fluorescein in solution for 
excitation energy; at 45 mM (with a 0.6 NA objective), it results in an effective penetration length of ~4.9µm for 
fluorescein [4].  Since the excitation decays exponentially from the surface, 95% (0.95 ≈ 1-1/e3) of the fluorescence 
intensity that we detect comes from the volume that is within ~15 µm of the surface. The slope of the surface gradient 
formed in our 1000 chamber device (Fig. 1d) is spatially and temporally consistent and repeatable, that is, the slope is 
invariant over time and across chambers (Fig. 1e).  

We used finite-element modeling (COMSOL 3.5a) to simulate the flow velocity and concentration profiles using 
steady-state Navier-Stokes and convection-diffusion equations (Fig. 2). The flow lines after coming out of the microjets 

 
Fig 2: Finite Element Modeling of Microjet Gradient Chamber. (a) Plot of the concentration profile in the 200 µm 
wide and 200 µm tall reservoir, (b) Plots of concentration (10 µm from the surface) at different flow-rates, (c) Plot of 
the velocity profile (10 µm from the surface) at different flow rates. 

 
Fig 3: Response of Axons to Netrin Gradient. (a) Representative plot of a E18 mouse hippocampal neuron turning to 
a gradient of netrin (scale bar = 20 µm); (b) Combined trajectories of 43 neurons extending to a gradient of netrin; (c) 
Histogram of the number of neurons turning towards and away from the netrin gradient; (d) Histogram of the distance 
of the axon tip of the responding neurons from the netrin source. 

 441



primarily traverse vertically, with a small horizontal component, which is enough to create the concentration gradient in 
the horizontal direction (Fig. 2a). We found an optimum flow rate that can create a linear gradient across the entire width 
of the chamber (Fig. 2b) as well as ensure that the shear stresses on the cells in the device (which is proportional to the 
horizontal component of the flow-velocity next to the surface) are minimal (Fig. 2c). Due to the small horizontal 
component of the flow velocity, there is very little shear stress on the surface, making this class of devices very benign to 
long-term culture of neurons [2]. 

We used this device for the first time to look at guidance dynamics in over 100 neurons at the same time, under the 
same precise gradient conditions. The neurons were exposed to gradients after 24 hours of plating, when most of the 
neurons have extended a prominent neurite. As is evident in the micrographs below (Fig. 3a) hippocampal axons were 
shown to turn towards the source of netrin gradient. We combined the trajectories of the neurons that extended axons by 
over 30µm during the course of gradient application (Fig. 3b). We found that there were two times more neurons that 
turned towards the gradient than away from the gradient (29 turned towards, whereas 14 turned away from the gradient). 
The responding neurons were mostly in a narrow concentration window of 70-140 ng/mL (Fig. 3c).  

In addition, we also looked at how opposing gradients of cAMP and cGMP played a role in determining axon 
initiation by exposing neurons to gradients when the neurons had not yet extended neurites. The cumulative scatter plot 
(Fig. 4a) of the axon tips shows that there are thrice as many neurons that extend axons towards the higher cAMP side of 
the chamber. Furthermore, if we plot the extension of the axons towards the gradient (by measuring the difference 
between the x-coordinates of the axon-tip and the soma-centroid) with respect to the position of the neuron along the 
gradient, we observe that most of the neurons (~80%) that extend axons towards the cAMP side, are on the lower-
cAMP/higher-cGMP end of the chamber (Fig. 4b). This significantly biased response might be due to the fact that the 
percent change of concentration of a species across the width of a cell, in the lower concentration end of a linear gradient, 
is higher than the other end.  

 

 
Fig 4: Response of Axon Initiation to cAMP/cGMP gradient. (a) Scatter plot of the axon tips of E18 mouse 
hippocampal neurons, with the centroid of the soma as the origin; (b) Plot of the axon-tip along the direction of the 
gradient with respect to the position of the neuron along the gradient.  

 
 

CONCLUSION 
We have shown the proof-of-principle demonstration of a 16x64 parallel array of open-access, microfluidic chambers 

capable of studying gradient sensing in single neurons. Using this high-throughput platform, the available dataset per 
experiment is an order of magnitude more than the standard pipette-based techniques. The simplicity and cell-benign 
nature of this device offers the biological research community a very versatile, enabling high-throughput platform to 
conduct parallel studies on individual cells that get activated by a chemokine gradient, such as stem-cell differentiation in 
response to morphogen gradients, cell migration in cancer metastasis, wound repair or immune response. 
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MESENCHYMAL STEM CELLS PROMOTE THE INVASION IN 
SALIVARY GLAND CANCER ON THE BIOMIMETIC MICROSYSTEM

Huipeng Ma1,Jianhua Qin1

1 Department of Biotechnology, Dalian Institute of Chemical Physics, CAS, China

ABSTRACT
As the participant of the tumor microenvironment, mesenchymal stem cells (MSCs) play an important role for 

further understanding the tumor progression, which gradually become the hotspot in tumor biology [1, 2]. In this 
work, we investigated the heterotypic interaction between MSCs and epithelial salivary gland cancer (ACC-M) in an 
in-vivo like tumor microenvironment by using a biomimetic microfluidic device. We also explored the involvement 
of CXCL12/CXCR4 signal pathway in the interaction between MSCs and ACC-M cells, in order to probe the role of
MSCs in epithelial tumor.

KEYWORDS
Biomimetic, mesenchymal stem cells, tumor cells

INTRODUCTION
Mesenchymal stem cells (MSCs), which are the progenitors of stromal cells and fibroblast, have been found to 

interact with multiple types of tumor. The relationship between MSCs and cancer is becoming the subject of an 
increased interest in cancer biology [3], and it is expected to bring new topics to an old disease and hopefully reveal 
new ideas for effective treatment. The current emerging research on the participation of MSCs in cancer progression 
appears to involve two contradictory aspects [2]. On the one hand, MSCs can specifically home to the sites of injury 
as well as tumors, holding a promise avenue for tumor-targeted delivery of therapeutic agents. On the other hand, 
MSCs can be abused by cancer cells and have tumor-promoting properties. It is worthy of note, more investigations 
are required to deeply elucidate the dual role of MSCs participating in cancer progression and treatment in a more 
in-vivo like cancer environment. 

Overall, the evidence for MSCs as active participants in cancer is just emerging, with more questions raised than 
answered. Several critical issues are deserved to be concerned. For example, whether the current models used in the 
studies can accurately reflect what is actually happening in the natural setting. In addition, since the present reports 
have been limited to only a few types of cancers, it is still unknown how MSCs interact with other types of cancers. 
Adenoid cystic carcinoma (ACC) is an aggressive malignant epithelial tumor arising from salivary glands, and it is 
mainly characterized by the ability to disseminate to the distant sites in the body, particularly, the lung and the liver
[4]. Treatment of ACC is often frustrating because of its multiple recurrences and distant metastasis. As the 
progenitor cells of the stroma, MSCs are adult stem cells, which have received much interest of late since the 
demonstration of clonal multipotency [5], however, the relationship between MSCs and ACC is poorly understood. 

Recent development in microfluidic technology has allows for the creation of physically relevant tumor 
microenvironment by controlling the biochemical factors that influence cellular behaviors temporally and spatially, 
and manipulating the multiple cell types in a natural setting 20-22. In this work, we aim to explore the role of 
mesenchymal stem cells in salivary gland cancer by using the biomimetic microfluidic device. 

EXPERIMENT
The three dimensional co-culture device used for investigating the heterotypic interaction between MSCs and 

ACC-M cells is composed of six co-culture units integrated with two side medium channels, as shown in figure 1. 
Each co-culture unit includes two round chambers (A and B) adjacent with each other. The height of chamber A was 
designed to be lower than that of chamber B and medium channels (Figure. 1a), so that the two different types of 
cells can be introduced into the chambers sequentially. The two medium channels flanked aside could provide 
enough nutrients for cell co-culture.

Figure 1: Schematic of the biomimetic microdevice and the magnification illustration of a coculture unit 
encapusalting different types of cells.
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For 3D indirect contact co-culture, MSCs could spread thinner protrusion and migrated into the 3D matrix 
encapsulated with ACC-M cells in a time-dependent manner (Figure 2a). This homing phenomenon was also 
observed in 3D direct contact co-culturing assay as shown in figure 2b. MSCs extended protrusions, moved into the 
periphery of ACC-M spheroids and squeezed into the ACC-M spheroids. With the increase of culturing time, the 
ACC-M spheroids were gradually dispersed by MSCs and exhibited loose cell-cell contact. The E-cadherin 
expression was significantly reduced after cultured with MSCs for 48h (Figure 2c). These results suggested the 
specific effect of MSCs on ACC-M cells by disrupting the cell-cell connection in tumor spheroid. In vivo, the 
biological process of MSCs homing to tumor microenvironment is the fundamental step to participate in tumor 
progression, which may activate the subsequent collective cell invasion and dissemination. It is assumed that MSCs 
might generate some soluble factors diffusing into extracellular matrix which might trigger certain signaling pathway 
in ACC-M cells and contribute to the establishment of distant metastasis by disrupting the cell-cell connection in 
tumor spheroids.  

 

 
Figure 2: Interaction between MSCs and ACC-M cells in 3D assay. (a). Fluorescent images of MSCs homing to 
ACC-M cells at different time). (b). Comparison of cell-cell connection in ACC-M spheroids when they are in 

physical contact co-cultured with MSCs and NIH3T3. (c). E-cadherin Expression I. ACC-M alone; Ⅱ. ACC-M and 
MSCs, Ⅲ. ACC-M and NIH3T3. (scale bar=50µm) 

The gradient of CXCL12 can be generated across the adjacent chamber after continuous perfusion of solution 
along the two side channels (Figure 3a-b). ACC-M cells were found to exhibit a high expression of CXCR4 on the 
cellular surface (Figure 3c). Under CXCL12 gradient, ACC-M cells were observed to leave the original site, migrating 
towards the high concentration of CXCL12, and invaded into the adjacent extracellular matrix obviously. This 
behavior could be inhibited by blockage of CXCR4 signaling using a CXCL12 antagonist (AMD 3100). The invasion 
ability of ACC-M cells under CXCL12 gradient was enhanced significantly after the addition of MSCs by 
characterizing the invasion distance of ACC-M in extracellular matrix (Figure 3d). We speculated that MSCs produced 
some soluble factors to trigger the CXCL12-CXCR4 signaling pathway in ACC-M cells, enhancing the metastasis 
process of ACC-M cells. The further work will conduct the exploration of ACC invasion in a multiple-factor interplay 
system, and elucidate the complex signal pathways in the MSCs-regulated ACC invasion. Together with previous 
work, we have emphasized the promoting role of MSCs in tumor metastasis and addressed the importance of 
MSCs-cancer biology in target therapy. In vivo, there has been much evidence that cell-cell interactions and 
mechanisms are highly specific not only for a particular organ system, but even for a particular histological cancer type. 
The current new findings of the contribution of MSCs in ACC invasion could shed light on the thinking of cancer 
evolution and MSCs-based cancer therapy. We thought that if tumor cells could be subsequently deprived of such 
signals secreted by stromal cells, especially the effect of MSCs, they might be able to revert to an earlier phenotypic 
state, in which they no longer display the traits of high-grade malignancy. Meanwhile, it reminded us to re-examine the 
safety of using MSCs as delivering vehicle for tumor-targeted therapy seriously.   
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Figure 3: The effect of MSCs on the invasion of ACC-M cells under CXCL12 gradient in 3D assay. (a-b): 

Characterization of the stability of CXCL12 gradient; c: CXCR4 expression in MSCs and ACC-M cells respectively; 
d: Comparision of the invasion in ACC-M cells under CXCL12 gradient in co-culturing with and without 

MSCs.(scale bar=50µm) 
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ABSTRACT 

Bacterial cells in hydrodynamic environments tend to form biofilms on surface to protect themselves from 
harsh external conditions. In microfluidic channel, biofilms grew into multi layered mat like structures. In this 
work, we revealed the effects of hydrodynamic conditions on development of mat like biofilms. Experimental 
results showed that shear stress had both positive and negative influences on biofilm developments. This result 
could be more valuable analysis by dimensional analysis or mathematical approaches.  

 
KEYWORDS 
Biofilms, Microfluidics, Shear stress, Mat-like biofilms 

 
INTRODUCTION 

In aquatic environment, microorganisms tend to form biofilms on surface to protect themselves from 
external conditions. The biofilms made by bacterial cells consist of aggregation of cells and extracellular 
polymeric substances (EPS) that induce improvement of survivability to external hostile environments like high 
temperature or presence of antibiotic treatments [1]. This characteristic of bacterial biofilms functions as a 
shield which causes several challenges in clinical applications, such as symptomatic inflammation, antibiotic 
resistance, recurrence, and the spread of infectious emboli [2-6]. Also, the matrix of biofilms provides more 
opportunities to cells for proliferation inside the human body [2, 3]. To form these bacterial biofilms, bacterial 
cells have series of developmental steps [7]. Initial two steps are characterized by the loose adhesion of 
planktonic cells to a surface and secretion of EPS. Steps three and four accompany the aggregation of bacterial 
cells and maturation of biofilms. Step five entails diffusion of cells from biofilm matrix and detachment by 
erosion. At certain condition, biofilm development contain step six, generation of multi-layered mat like 
biofilms [8, 9]. At all of developmental steps are influenced by physical, chemical, and/or biological 
environments including shear stress, surface properties, quorum sensing, nutrient concentration, and so on.  

Microfluidic approach has been widely used as one of the promising tools for revealing and evaluating these 
factors above in quantitative way [10-13]. However, compartmentalizing of major determinants (e.g. shear 
stress) and evaluate their effects still have obscurity. Specially, multi layered mat like biofilms in small scale 
fluidic environments has not been theoretically accessed because of complex interaction between biofilms and 
their hydrodynamic conditions. In this work, we revealed the effects of hydrodynamic condition on development 
of multi layered mat like biofilms through microfluidic approach.  

 
EXPERIMENT 

Microfluidic devices were used to observe the interaction between biofilm developments and its 
hydrodynamic conditions. PDMS and silicon wafer with SU-8 was used to fabricate microfluidic devices that 
have three different channels. As model bacterium, PA14 sustainably constitutively expressing green fluorescent 
protein (GFP) was used. As bacterial medium, LB (Luria-Bertani) Broth, Miller (244620, BD, USA) was used. 
To procure enough and constant cell density, bacterial cells were pre-cultured in shaking incubator at 37°C and 
200 rpm for 24 hours. After that PA14 were suspended in fresh LB medium as OD600=0.1. For inducing 
bacterial adhesion, the suspension of PA14 were filled into micro-channels and incubated for 2 hours at 37°C. 
The fresh LB medium was supplied into the microchannel for 48 hours with desired flow rate using a peristaltic 
pump (74-128-00000, Thermo Fisher Scientific, USA). After bacterial cells formed biofilms in the microchannel, 
these channels were refreshed by PBS solution to remove suspended cells and unattached biofilms. In these 
procedures, only difference of hydrodynamic head was used as driving force to minimize shear flow into 
developed biofilms in the microchannel (figure 1). Through a fluorescence microscopy (JuLi, NanoEnTek, 
Korea), the growth of biofilms was quantified by the change of biofilm coverage in the microfluidic channel.  

The biofilms in microfluidic environments with shear flow had a unique characteristic, accumulation into 
mat-like structures growing toward the center of channel from the corners. These thick biofilms filled from the 
bottom of channel to the top of that, and remained after PBS washing procedures. In hydrostatic condition (e.g. 
no flow condition), biofilms in the channel easily washed out by the soft refreshment due to lack of adhesive 
force. Experimental result showed that development of the mat like biofilms was determined by three major 
factors, shear stress, nutrient concentration, and aspect ratio of the channel (r=w/h) (figure 2). Development of 
biofilms had parabolic relationship with amount of shear stress due to shear stress had either positively and 
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negatively effects. Shear stress helped to supply nutrient and diffuse cells, and at the same time induced erosion 

detachment of biofilm matrix. This result could be more valuable analysis through dimensional analysis or 

theorizing a mathematical model.  

 

 
Figure 1. Experimental procedures. (a) Fabrication of microfluidic devices and experimental steps. (b) A 

schematic diagram of experimental equipment. (c) PDMS microfluidic device. 

 

 
Figure 2. Effects of shear stress on bacterial biofilm development. 
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ABSTRACT
We present a microfluidic platform for in-situ monitoring of single cell mechanotransduction. Despite its 

fundamental importance, progress on mechano-sensing signaling study has been slow mainly due to technical 
limitations to specifically activate these pathways and monitor the intracellular dynamics. We applied mechanical 
stretch to budding yeast cell membrane by 1) pressing and releasing yeast cells using soft elastic polymer (PDMS)
and 2) hypo-osmotic pressure. By utilizing these microfluidic approaches, we monitor in-situ single cell 
mechanotransduction. (e.g. intracellular response the rapid (less than minute) translocation of Crz1 into the nucleus, 
the Ca2+ associated transcription factor). We expect the established platform coupled to single cell analysis will allow 
us to quantitatively test existing biological models and to reveal new insights into this fundamental but poorly 
explored mechanotranduction.

KEYWORDS
Microfluidics, Mechano-stress, Signaling pathway

INTRODUCTION
Cells living in natural condition are exposed to many stresses. When these stresses occur, cells sense their 

extra-and intracellular environment and respond by activating their complex intracellular signaling networks to 
continuously adapt to the changing situation. Among the stress conditions, mechano-stress has long been recognized 
as an important physiological response. Indeed, mechano-sensitive feedback mechanisms modulate cellular
functions as diverse as migration, proliferation, differentiation and apoptosis, and are crucial for organ development 
and homeostasis [1]. However, despite its fundamental importance, progress on mechano-sensing signaling has been 
slow mainly due to technical limitations to specifically activate these pathways.

Here, we utilize two distinct microfluidic platforms to focus on intracellular response upon mechanical stress 
acting on the cell wall. Despite their different approach to stimulate cells, similar out coming results suggest that the 
device can be recognized as an alternative tool to clarify certain signaling pathway system.

EXPERIMENT
In yeast, cells are thought to translate physical stimuli 

(e.g. cell shrinkage/expansion and external force) into
various paths of intra-cellular biochemical signals. Here,
we demonstrate the result such as changes in intracellular 
concentration of calcium and translocation of 
fluorescently tagged proteins.

Hypotonic stress with media switch
To trigger the signaling pathway system in interest,

firstly we approached with microfluidic chamber to 
deform cell membrane by hypoosmotic stress via 
instantly switching the concentration of media from 1M 
sorbitol to 0M sorbitol with relevant nutrients. Chamber 
has 3-5 µm heights, relatively low as yeast can be 
initially trapped. The trapped cells are not washed away 
during the medium switching.

While the expansion of cell membrane according to 
the hypo-osmotic condition by media switch,
stretch-activated ion channel flows in calcium, which
works as a second messenger and activates the 
phosphatase calcineurin. This in turn dephosphorylates 
the transcription factor Crz1 and thereby promotes its 
rapid translocation into the nucleus (Figure 1A) [2].
Indeed, in microfluidic chamber, cells are rapidly 
expanded upon hypotonic stress and express a
Ca2+-sensitive FRET-sensor [3]. This expression is 
confirming that the rapid and transient increase of 

Figure 1: (A) Schematic illustration of the yeast 
signaling networks relevant for sensing mechano-stress. 
Arrows indicate activation. Dashed arrows with 
question marks depict cross-talk by unknown 
mechanisms. (B) Change of intracellular calcium 
(Ca2+) concentration upon hypo-osmolality (from 1M 
to 0M). The concentration was quantified using a FRET 
-based reporter (C) Nuclear translocation of Crz1-GFP 
before and 1 minute after applying hypo-osmolality 
stress conditions was visualized by GFP-microscopy in 
a microfluidic device. 
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calcium inside the cytoplasm (Figure 1B). At the same time, GFP-tagged Crz1 is recognized to be accumulated
inside nuclei suggesting the signaling pathway is activated (Figure 1C). 

Cell wall deformation occurs with squeezing chip
The approach of hypotonic stress to cells can simply trigger the pathway; however, cells can adapt the change of 

osmorality and quickly return to their original size. As another platform, we developed innovative microfluidic 
device that are able to mechanically deform cell membrane in a controlled and reproducible manner. Cells are 
delivered underneath of PDMS micro-patch array. The PDMS micro-patch expands / recovers by on/off of air 
pressure (Figure 2A and B). The magnitude and duration of cell membrane stress are controlled by digital air 
compressor connected with solenoid valve.

We compared the cells geometries in 3D before and after the mechano squeezing and confirmed they expand in 
horizontal and contract in vertical (Figure 3). The magnitude of the applied pressure controls the degree of cell 
membrane stretch (the section area in Figure 3), raising the possibility to use such devices for controlled 
mechano-sensing experiments.

RESULTS AND DISCUSSION
We observe the rapid relocation of GFP-tagged Crz1

in yeast cell under hypotonic stress, and mechanical 
expansion by PDMS squeezing chip. Before the 
stimulation, Crz1 is distributed evenly inside the cytosol. 
When the stress occurs and triggers the proper sensors, 
the Crz1 rapidly relocates to the nucleus which can be 
detected with fluorescent microscope. The dynamics are 
quantified normalized intensity in nucleus (Figure 4).
Hypotonic stress made Crz1 relocation within one 
minute as well as mechanical expansion by PDMS does.
After their highest peak, the one with hypotonic stress 
gradually return to their initial state during 10 minutes. 
At the same time, while cells are continuously squeezed 
during 7 minutes, it took half fold of time for Crz1 to 
disperse compared to hypotonic stress. Also, right after 
the release of the squeezing chip, another small peak 
was instantly observed. This indicates calcium signaling 
may trigger during recovery process but the molecular 
mechanism needs to be identified..

Also, we are able to active a general stress response 

Figure 4: Crz1 relocation to nucleus upon 
mechano-stress: hypotonic stress and squeezed by the 
device; the results from two different method show 
similar tendency of relocation behavior. 

Figure 2:  Schematic of the device to deform cell membrane. (a) Double layered microfluidic device with 
micro-patch on a PDMS membrane. (Patch size generally about 100 μm X 100 μm). (b) Operation of the device; 
cells are squeezed while air pressure is loaded to the air channel. 

Figure 3: Cell deformation is compared with initial state and when squeezed according to the device. 
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factor Msn2 which refers to the nuclear accumulation. Importantly, when the squeezing chip was released, the 
accumulated Msn2 was dispersed to cytoplasm. We found mechano-stress may activate the general stress response 
factor Msn2 by a mechanism that involves, at least in part, the stress sensor; Mid2 (Figure 5A). GFP-tagged Msn2 
were observed with and without the stress sensor Mid2. While the wild type yeast showed twice-stronger maximum
accumulation of Msn2., compared to the cells without Mid2 gene. In the case of single cell, unlike stress given with 
the hypo-osmotic condition, the peak was observed several times while it was forced to be squeezed. This interesting 
result can be explained for now that the cell continuously activates their complex co-related pathways to make 
themselves into initial shape which they cannot (Figure 5 B).  

Figure 5: (a) Msn2 relocation to nuclei; wild type yeast is two times higher than the one without mid2 gene. (b) 
Image of Msn2 relocation in time-course.

CONCLUSION
Taken together, we demonstrate microfluidic-based quantitative assay platform for unraveling mechano-stress

responsive signaling networks. Establishing an experimental platform based on microfluidic devices coupled to 
single cell analysis will allow us to quantitatively test existing biological models, and provide the experimental basis
to start mathematical modeling of such dynamic processes for systems biology and to reveal new insights into this 
fundamental but poorly explored signaling pathway.

 
Table 1. Comparison of two approaches 

Hypotonic stress Squeezing chip
Trigger Source Chemical difference Physical difference
Mechanical Stress Transiently induced Controllable stress duration
Common Pro Able to monitor a dynamic response by live cell imaging
Common Con Difficulty in harvest of cells after stress for further biochemical assays
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ABSTRACT 
    We report the design and testing of a transscleral drug delivery system that is implantable in the episclera and 
allows for controlled release of brain-derived neurotrophic factor (BDNF) or other protein-type drugs with 
zero-order kinetics.  The microfabricated capsule consists of a drug reservoir sealed with a controlled-release 
membrane that contains interconnected collagen microparticles (COLs), which are the routes for drug permeation.  
The drug kinetics can be controlled by changing the drug formulation and/or the membrane COL density so that the 
size of the bursts is reduced, which extends the release period.  When capsules were sutured onto sclerae of rabbit 
eyes, a drug mimic was found to spread to the retinal pigment epithelium.  Implantation of the device was easy, and 
it did not damage the eye tissues. 

KEYWORDS 
Controlled release, drug delivery system, retinal neuroprotection, transscleral delivery  

INTRODUCTION
The design of drug-delivery systems targeting the retina is a most challenging ophthalmological task.  The 

principle delivery route currently in use is topical eye drop administration, but it delivers only low drug levels to the 
retina.  Although intravitreal delivery allows for high concentrations of a drug to be delivered directly to the retina, 
the necessary surgical procedure often requires repeated injections, and/or vitreous hemorrhage [1].  Therefore, 
transscleral delivery has emerged as a more attractive method for treating retinal disorders because it can deliver a 
drug locally and is less invasive.  Because of its large surface area and high degree of hydration, the sclera is 
permeable to drugs of different sizes (up to w70 kDa) [2].  Transscleral drugdelivery systems that range in size 
from microparticles to polymeric implants have been tested [3].  However, most of these systems are made of 
biodegradable polymers.  Drug release profiles for biodegradable devices generally have a tri-phasic release profile, 
i.e., an initial burst, a diffusional release phase, and a final burst.  This complex profile occurs because the polymers 
erode with time and, by doing so, affect drug dissolution.  Thus, a nonbiodegradable device that contains a drug 
reservoir sealed with a semipermeable membrane allows for sustained release and reduces the sizes of the bursts. 

Neuroprotection from retinal degenerative diseases by neurotrophic factor delivery to the retina remains a 
challenge for ophthalmology [4].  Intraocular 
administrations of brain-derived neurotrophic 
factor (BDNF) have been shown to rescue 
degenerating photoreceptor cells in animals [5].  
However, suitable devices that specifically 
deliver neurotrophic factors continuously to the 
retina and with minimal invasiveness have yet to 
be developed.  Therefore, we aimed to develop 
a membrane-based capsule that is implantable on 
the sclera (Fig. 1A) and would prolong the 
controlled delivery of BDNF or other 
protein-type drugs to the retina with zero-order 
kinetics. 

EXPERIMENT 
A schematic of the capsule fabrication is 

shown in Fig. 1B. A polydimethylsiloxane 
master mold for the reservoir was first fabricated 
via a microfabrication technique that used an 
AutoCAD design and a micro-processing 
machine (Micro MC-2, PMT Co.). Triethylene 
glycol dimethacrylate (TEGDM) prepolymer 
(Mw, 286.3; Aldrich) was UV cured in the mold 
for 3 min and peeled off to obtain a TEGDM 
reservoir. After loading a drug, the 
controlled-release membrane, which was made 
of polyethylene glycol dimethacrylate (PEGDM) 
(Mn 750, Aldrich) that contains interconnected 

Figure 1. (A) A transscleral drug-delivery device, designed for 
the administration of protein-type drugs. (B) The capsule 
consists of a drug reservoir made of TEGDM and a 
controlled-release membrane made of photopolymerized 
PEGDM that contains COLs (PEGDM/COL membrane), 
which are the route for drug permeation. The capsule was 
designed so that various drug formulations could be contained 
in the reservoir. 
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collagen microparticles (COLs), was sealed to the 
reservoir by UV curing TEGDM prepolymer, 
which in polymerized form served as the adhesive, 
for 3 min. 

 
RESULTS AND DISCUSSION 

Figure 1B shows the designed capsule 
consisting of two parts, a molded triethylene 
glycol dimethacrylate (TEGDM) reservoir to 
contain the drug and a new type of 
controlled-release membrane sealed around the 
top of the reservoir.  The controlled-release 
membrane was produced by photopolymerizing a 
mixture of polyethylene glycol methacrylate 
(PEGDM) and COLs.  The COLs are hydrogels 
containing a chemically crosslinked 0.8 (w/v) 
collagen network [6], which is permeable to 
molecules with molecular weights of <200 kDa. 

Figure 2 demonstrates that drug release can be 
controlled by both the membrane and the drug 
formulation contained in the reservoir.  The 
release of a drug mimic, 40-kDa FITC-dextran 
(FD40) was always dependent on the COL 
concentration (Fig. 2A-C), which indicated that 
FD40 travelled through the membrane-embedded 
COLs.  Additionally, the sustained-release drug 
formulations, FD40-loaded COLs and 
FD40-loaded COLs pelletized with PEGDM, 
fine-tuned the release of FD40.  To evaluate the 
release of the BDNF, capsules were filled with 
COLs that contained the protein and were sealed 
with a membrane with a different COL 
concentration.  Figure 2D presents the zero-order 
kinetic profiles found for BDNF release during a 
6-week assay period.  Apparently, the release 
kinetics of BDNF can be fine-tuned by varying 
the concentration of the COLs in a membrane in 
much the same manner as was found for FD40. 

Our next challenge was to evaluate the 
capsule’s ability to deliver a protein-type drug to 
the retina via the sclera.  Capsules were sutured 
to the sclerae of three rabbits’ left eyes with 10-0 
nylon (Fig. 3A).  The capsules abutted the 
sclerae but did not penetrate the conjunctivae or 
adjacent areas.  Figure 3B shows a fluorescent 
image of FD40 within a capsule, and Figure 3C shows the release of FD40 locally at the sclera but not at the 
conjunctiva.  This unidirectional release should reduce drug elimination by conjunctival lymphatic/blood clearance, 
thereby resulting in more effective delivery to the retina.  One month after implantation, the capsules remained 
sutured and neither the PEGDM of the membranes (Fig. 3D) nor the reservoirs had eroded.  The COLs in the 
membranes also survived with little biodegradation (Fig. 3D), most likely because the collagen molecules were 
stabilized by chemical crosslinking.  Although the capsules were loosely covered with connective tissue by the end 
of the trial, they were easily removed from the implant site.  Routine ophthalmological examinations showed no 
eye-related toxic effects.  Intense FD40 fluorescence in the sclerae adjacent to the implantation sites was observed 
(Fig. 3E).  Furthermore, FD40 had migrated to the retinal pigment epithelium (RPE) and adjacent regions (Fig. 3F), 
which indicated that transscleral delivery of FD40 to the retina had been achieved.  To the best of our knowledge, 
this is the first report that a macromolecule can be delivered to the retina via a reservoir-based transscleral 
drug-delivery system, although quantification of the drug distribution still needs to be done.  Proteins, as large as 
50e75 kDa, penetrate into the choroid/RPE upon periocular injection [7].  Therefore, it may be possible to also 
deliver BDNF by the transscleral route.  Given that the distribution of FD40 was somewhat concentrated at the RPE 
and adjacent regions, our device may be effective especially for lesions that surround the RPE. The capsule could 
also be used to deliver antiangiogenic drugs, e.g., Lucentis and Macugen (for the treatment of age-related macular 
diseases) [8], to a lesion, e.g., the choroidal neovascular membrane, because delivery by this route will be less 
invasive and safer than are conventional intravitreal injections. Our non-biodegradable capsule should therefore be 

Figure 2. (A-C) Release of FD40 in vitro. The dependence 
of the release kinetics on the initial COL concentration for 
(A) FD40 in PBS (Fsol), (B) FD40-loaded COLs in PBS 
(Fcol), and (C) FD40-loaded COLs pelletized with PEGDM 
in PBS (Fpel). The concentrations of the COLs were 100 
mg/ml (circles), 300 mg/ml (triangles), and 500 mg/ml 
(squares). The release rate for FD40 through a membrane 
that did not contain COLs was almost the same as one that 
contained COLs at a concentration of 100 mg/ml. Error bars 
represent the standard deviations of three samples (error 
bars that are not visible are smaller than the symbols). The 
Means±SDs are shown. *P < 0.05 for 300 mg/ml vs. 500 
mg/ml **P < 0.05 for 100 mg/ml vs. 300 mg/ml. (D) 
Release of BDNF in vitro. BDNF-loaded COLs in PBS 
were added to capsule reservoirs that sealed with a 
membrane with a COL concentration of 100 mg/ml (circles), 
300 mg/ml (triangles), or 500 mg/ml (squares). The release 
rate of rhBDNF through a PEGDM/COL membrane that 
contained 100 mg COL/ml was almost the same as one that 
contained no COLs. Means±SDs are shown. *P < 0.05 for 
300 mg/ml vs. 500 mg/ml **P < 0.05 for 100 mg/ml vs. 300 
mg/ml. 
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suitable for the transscleral delivery of 
protein-type drugs that require chronic 
suppressive-maintenance therapy over 
several weeks or months. 
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Figure 3. Episcleral implantation of a capsule. (A) Image of a capsule 
sutured to the sclera of a rabbit eye 3 days after implantation. 
Fluorescent images around the sclera (B) immediately before and (C) 
after removal of the capsule 3 days after implantation. (D) SEM image 
of a COL (asterisks) in the membrane of a used capsule that was 
removed 1 month after implantation. (E, F) The distribution of FD40 
(green) in the retina and sclera around the implantation site 3 days after 
implantation (arrow: capsule). Cell nuclei were stained with 
4,6-diamidino-2-phenylindole (blue). FD40 reached the retinal pigment 
epithelium. Abbreviations: sclera (SC), retinal pigment epithelium 
(RPE), choroid (CO), and retina (RE). Bars: 4 mm (A, B, and C), 10 m 
(D), 400 m (E), and 100 m (F). 
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ABSTRACT 

Concurrent measurement of force and locomotion metrics (such as speed, amplitude) of Caernorhabditis elegans 
(C. elegans) has important biological implications. This paper reports the multi-point force measurement of C. 
elegans in motion and its integration with the amplitude and velocity measurement in a single locomotion assay by 
using transparent and elastomeric PDMS micropillars as force sensing elements. The experimental results 
demonstrate the efficacy of force measurement, leading to two preliminary but interesting findings on force patterns 
related to locomotion, namely, the maximum force level turns to be irrelevant to the pillar spacing, and the mid-body 
of a worm generates the maximum force level as predicted by theoretical analysis. Simultaneous measurement of 
force and locomotion metrics enabled by image processing has also been demonstrated. 
 
KEYWORDS: C. elegans, PDMS, Force Measurement, Locomotion
 
INTRODUCTION 

Genetically modified C. elegans mutants with different numbers of muscle arms have been an attractive model 
organism used to investigate the correlation between muscle arms and the nematode motion patterns. Since the 
muscle arms act as pathways for the muscles to receive stimulation from the nerve, their quantity was found to affect 
the nematode locomotion patterns. To further characterize it, we have recently demonstrated the measurement of 
nematode locomotion forces using a novel elastomeric micropillar-based device [1]. In this approach each individual 
pillar of an array in a channel is used as a single force sensor. A nematode using a pillar for locomotion deflects the 
free end of this pillar. This deflection is recorded via an imaging system and used to obtain a force value via a 
custom image-processing algorithm. Meanwhile, other researchers have used a matrix of microstructured agar pillars 
to enhance C. elegans locomotion and provide behavioral screening for mechanosensory and uncoordinated mutants 
[2]. While the underlying biophysics of this effect are not yet well understood, worm body wall muscles pushing 
against the microstructure are likely to play a significant role. Since elastomeric PDMS pillars allow force 
measurement, in this paper we aim to collect data that may be used to explain in terms of force how the geometry of 
the pillars enhances the locomotion. To this end, we fabricated a matrix (Fig. 1, rather than an array in [1]) of PDMS 
pillars with varying pillar spacing, which is a key geometric parameter. We also took advantage of transparency of 
the PDMS device to get the velocity and amplitude of crawling C. elegans to achieve integrated locomotion assay. 

 
Figure 1. (a)Schematic of the C. elegans movement deflecting the micropillars in the PDMS device. (b) Top view of 
the PDMS micropillar matrix used for combined force measurement and locomotion studies. A C. elegans crawling 
inside the device in a sinusoidal movement pattern. Inset: SEM micrograph of the pillars. 

FORCE SENSING PRINCIPLE 
When moving inside the device, the worm was observed to touch the micropillars at half its height. The worm-pillar 
contact force is illustrated in Fig. 2 and modeled as a linear spring force-deflection relation [1]: 
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where l is the pillar length from the load to the support, I the moment of inertia, E the PDMS Young’s modulus, and 

(a)
 

(b)(a)

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  455





 

Figure 3. Plot of the force magnitude measured on four 
pillars for a sample worm crawling through the 
micropillar matrix for a period of 5 seconds. Some 
representative image frames corresponding to this force 
plot are shown in Fig. 4.

Figure 4. Micrograph sequence illustrating nematode 
body contact with the measurement pillars. Changes in 
magnitude in the force plot can be attributed to certain 
parts of the locomotion sequence, such as contact 
(Frame 5 to 15) and head bending (Frame 15-25).

 

γ the Poisson’s ratio. The deflection  of 
the free end of the pillar is recorded via 
the microscopy imaging system. SEM 
imaging can be used to validate pillar’s 
diameter d and height h. 
 
EXPERIMENTAL 

The device has a 60  60 matrix of 
PDMS pillars. Two side walls are 20 µm 
higher than the pillar, supporting a glass 
coverslip that protects the micropillars, 
worms, and channels from potential 
contamination. The other two sides are 
open and flat area serving as worm 
loading/unloading zone. Worm 
movement through the pillar matrix was 
imaged using a Nikon Eclipse 80i 
fluorescence microscope under 10 in 
bright-field mode and the videos 
obtained at 8 Hz were processed offline 
using a custom image-processing 

algorithm. Before loading a new worm sample, the device was washed thoroughly to avoid cross-contamination. 
Eight wild type (N2) L4 stages worm samples were used for experiments, with each sample recorded for 33-45 
frames during which the worm moved in a sinusoidal manner. 

 
RESULTS AND DISCUSSION 

Results were presented below for single-worm measurement and all worm samples. For single-worm, firstly, Fig. 
3 plots the force measurement data for a worm sample. It shows that continuous force is generated by the worm, 
which is comparable with the natural anatomy of C. elegans. This continuity of force levels was found previously in 
arrayed-pillars [1], indicating the number of pillars in the device does not affect force generation. Secondly, looking 
into the continuous multi-point force measurements, we observed that force variations across sensing pillars and 
frames can be directly related to various body parts of the locomotion sequence. As illustrated in Fig. 4, specific 
locomotion events such as making contact/breaking contact, sudden acceleration as well as bending and continuous 
propulsion can be distinguished from the recorded force plot. For example, the sudden increase of force value on 
pillar #2 in the middle (~3s) of the recorded video clip was related to the change of the forward motion, which 
started from the worm’s head and went through the main body that has the major chunk of body wall muscles.  

For all worm samples, three to four pillars that had most deflections over the imaging time period were processed 
to obtain the force levels, as shown in Fig. 5. The maximum force level observed in the experiment was 62 µN and 
the average maximum force level was 34.62 µN. Force values recorded in this work were found to be several times 
greater than [3] as their work focused only on short contact events for a series of brief worm nose touching and body 
wrapping movements around the SU-8 pillar free end, with each contact occur less than 500 millisecond. On the 
contrary, the force that we measured was during the continuous movement of the worm body in contact with the 
micropillars for about 5 seconds.  

Figure 2. Schematic of the deflecting pillar model used
for force analysis. (a) Measurement setup and pillar 

parameters. (b) Worm-pillar contact force is a composed
force, i.e. f =fn+fr. 
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Figure 6. Plot of locomotion amplitude and velocity for 

eight C. elegans samples. Values indicate nematode 

crawling behavior and demonstrate multi-parameter 

sensing capability of the device. Plotted lines indicate the 

average amplitude and velocity comparable to the 

reported for smooth crawling in [1, 5-6]. This evidenced 

that the worm can exhibit smooth crawling behavior even 

in the presence of the microstructured sensor arrays, 
similar to conventional agar plates. 

 

There are two preliminary but interesting findings. Firstly, variation in the pillar spacing did not significantly 
affect the maximum force levels (Table 1). This is a little surprising and we will collect more data for conclusive 
result. Secondly, the maximum force was found to occur when the mid-part of the body, mainly in the intestine 
region between dorsal-ventral (Fig. 4, pillar #2), interacted with the sensing pillar. This finding agrees with 
theoretical analysis [4], which states when crawling C. elegans concentrates most of its bending force around the 
middle part of its body. 

We have also demonstrated concurrent measurement of nematode velocity and amplitude with the device. As 
shown in Fig. 6, addition of force measurement to the microstructure did not seem to affect the locomotion 
phenotype. 
 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 
We have demonstrated a novel nematode locomotion assay with elastomeric PDMS micropillars as force sensing 
elements and applied the device to simultaneously characterize C. elegans crawling velocity, amplitude and force 
magnitude. Our findings suggest that C. elegans generated greater force from their middle body section during 
locomotion, regardless of the pillar spacing. With the integrated assay capability for force, velocity, and amplitude, 
the presented platform can find immediate application in explaining C. elegans locomotion enhancement from the 
perspective of force. 
 

ACKNOWLEDGEMENTS 

The authors would like to thank Craig Galilee for providing the C. elegans; and Helen Devereux and Gary Turner 
for technical assistance. S. Johari was supported by Ministry of Higher Education Malaysia scholarship. This work 
was supported by the MacDiarmid Institute for Advanced Materials and Nanotechnology. 
 
REFERENCES 
[1] A. Ghanbari, et al., Micropillar-based on-chip system for continuous force measurement of C. elegans, J 

Micromech Microeng, 22, 095009, (2012).  
[2] S. Park, et al., Enhanced Caenorhabditis elegans locomotion in a structured microfluidic environment, PLoS 

One, vol. 3, (2008). 
[3] J. C. Doll, et al., SU-8 force sensing pillar arrays for biological measurements, Lab Chip, pp. 1449-1454, 

(2009).  
[4] X. N. Shen, et al., Undulatory locomotion of Caenorhabditis elegans on wet surfaces, Biophys J, vol. 102, pp. 

2772-81, Jun 20 (2012). 
[5] A. Parashar, et al., Amplitude-modulated sinusoidal microchannels for observing adaptability in C. elegans 

locomotion, Biomicrofluidics, vol. 5, p. 24112, Jun (2011).  
[6] S. R. Lockery, et al., Artificial dirt: Microfluidic substrates for nematode neurobiology and behaviour, J 

Neurophysiol, (2008). 
 
CONTACT 

Wenhui Wang, wenhui.wang@canterbury.ac.nz or wwh1975@gmail.com. 

1
2

3
4

5
6

7
8

1

2

3

4

0

20

40

60

Worm IndexPillar Index

M
a
x
im

u
m

 F
o
rc

e
 (


N
)

 
Figure 5. Maximum forces measured for eight C. elegans. 

Up to six pillars were in contact with each sample but 

three to four pillars bearing most forces are shown here.  

 
Table 1. Pillar matrix spacing and maximum measured 

forces for eight different nematodes. 

Worm Index 1 2 3 4 5 6 7 8 

Pillar 

Spacing (m) 
110  110 120  120 130  130 

Max. Force 

(N) 
55 47 57 52 57 62 32 61 
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SIZE BASED NANOPARTICLE SEPARATION USING 
DIELECTROPHORETIC FOCUSING FOR FEMTOSECOND 
NANOCRYSTALLOGRAPHY OF MEMBRANE PROTEINS 

Bahige Abdallah, Tzu-Chiao Chao, Petra Fromme, Alexandra Ros 
Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ, USA 

ABSTRACT 
We propose a method to separate photosystem I crystals based on size using a combination of dielectrophoresis 

(DEP) and electrokinesis (EK) within a microfluidic device.  In this work, a model system utilizing polystyrene beads of 
two sizes is employed to observe the effects of DEP and EK on particles as they pass through a microsorter via 
electroosmosis.  Particle counting and fluorescence intensity measurements are used for quantitative analysis of 
experimental data.  For comparison, numerical simulations were performed for further confirmation that the proposed 
device is capable of sorting particles based on their size. Our experimental and theoretical results are in agreement and 
show a high degree of sorting efficiency between both particle types making this a promising solution for protein crystal 
sorting. 
 
KEYWORDS 
 Dielectrophoresis, Microfluidics, Separation, Nanoparticle, Crystallography 
 
INTRODUCTION 
 Our work improves upon existing sorting devices for beads [1] by tuning dielectrophoretic focusing versus 
electrokinetic forces. Thereby we improve this methodology to sort membrane protein crystals on the order of 100 nm in 
diameter. Femtosecond nanocrystallography is an emerging technique with the potential to obtain structural information 
for membrane proteins without the need of growing large crystals [2]. The latter represents the major challenge in 
membrane protein structure elucidation as membrane proteins are difficult to grow in large sizes suitable for conventional 
X-ray structure determination. However, due to the heterogeneity inherent to current crystallization techniques for 
membrane proteins, nanocrystallography experiments are hampered by broad size distributions obtained among smaller 
crystals. Further downstream processing to isolate a desired crystal size and improve monodispersity is necessary and 
addressed in the presented work. 
 
THEORY 
 To drive size based separation, the size dependency of DEP is exploited.  It is first important to consider the DEP 
velocity (       ) experienced by a spherical particle, which is directly related to the electric field gradient (   ) and DEP 
mobility (    ): 
                  (1) 

Furthermore, the DEP mobility exhibited by a spherical particle is directly related to its diameter,     [3]: 

 
     

   
       

   
 (2) 

where     is the Clausius-Mossotti factor,    is the medium permittivity, and   is the medium viscosity.  A system can 
either exhibit negative or positive DEP based on the sign of the Clausius-Mossotti factor which under DC conditions is 
determined by medium (  ) and particle (  ) conductivities [4]: 

     
     

      

 (3) 

 Particles with conductivities smaller than their respective media experience negative DEP.  In the case of this 
experiment, negative DEP prevails at a    of ~10-3 S/m thus particles of increasing size are deflected more strongly from 
regions of high electric field gradients.  We study the DEP sorting in a device (Figure 1) consisting of an inlet channel in 
which a bulk crystal solution can be injected.  An insulator constriction is positioned between the inlet and outlet 
channels to create a heterogeneous electric field in the longitudinal direction evoking DEP as particles migrate through 
the microchannel. Upon entering the restriction region, larger particles are repelled from the channel walls due to 
negative DEP and focus in the center of the microdevice. Conversely, smaller particles experiencing weaker repulsion are 
prone to deflection into a series of outlet channels for effective sorting. Figure 2 illustrates the variable electric field 
gradients throughout the microchannel facilitating particle DEP behavior patterns for sorting into collection channels. 
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EXPERIMENTAL 

The microstructure design was 
developed using CAD software from 
which a Cr mask was created.  
Photolithography was employed to 
transfer structures to a silicon master 
wafer with negative photoresist and a 
mold fabricated using poly(dimethyl-
siloxane) (PDMS). Reservoirs were 
punched into channel ends and the PDMS 
mold was sealed to a glass slide via 
oxygen plasma treatment. HEPES buffer 
(1.5x10-3 S/m, pH 5) with F108 blocking 
agent is flushed through the channels to 
dynamically coat channel walls and 
reduce adsorption.  Polystyrene beads (1 
μm and 0.1 μm, Spherotech) suspended in 
the same buffer are added to the inlet reservoir and DC potentials 
are applied to the microdevice reservoirs to induce 
electroosmotic flow (EOF) as well as electric field gradients at 
the constriction region for dielectrophoretic focusing.  
Fluorescence microscopy imaging was performed using a CCD 
camera coupled to a beamsplitter to segregate the fluorescence 
response of each bead type. Fluorescence intensity was measured 
using ImageJ software to quantify the relative concentration of 
the 0.1 μm beads in each outlet. 1 µm bead data was analyzed by 
particle tracing using an ImageJ plugin. Particles were counted as 
they passed through the center (C), the mid-outer (MO), and 
outer (O) outlets separately using a detection window with an 
area of ~100 μm2.  Numerical simulations were performed using 
Comsol Multiphysics 4.3. 
 

RESULTS AND DISCUSSION 

 We demonstrate that the potential in the outlet reservoirs is a 
major driving force for sorting and dielectrophoretic focusing.  
Experimentally, the optimal potential scheme is 10V inlet, -55±5V center outlet, and -20V to the remaining outlets.  We 
follow the bead migration by using beads with two distinct fluorescence characteristics simultaneously and monitor their 
migration. Figure 3 shows the experimentally observed fractionation of nano- and microbeads with excellent selectivity 
for 0.1 μm beads.  At -55±5V applied to the center outlet, the 0.1 μm beads disperse into all outlets (Figure 3b) whereas 
at higher potentials they focus on the center outlet (Figure 3a).  In comparison to the 1 μm beads at the same applied 
potentials, we see focusing on the center channel exclusively (Figure 3c). This leads to the separation of 0.1 μm beads 
into the offset outlets away from the larger beads present in solution. 
 To quantify experimental data, fluorescence intensity was measured in the center (C), the mid-outer (MO), and outer 
(O) outlets separately.  The data for the 0.1 µm beads was normalized with the highest fluorescence intensity given by the 
center outlet.  As shown in Figure 4, the 0.1 μm beads have a nearly equal distribution into all outlet channels with 
normalized intensities > 0.9. Particle counts for the 1 µm beads were normalized by setting the total number of particles 
to 1 and calculating the relative fraction of particles counted in each of the outlets separately (Figure 4).  Our data shows 
that the 1 μm beads favored the center outlet 82% of the time whereas deflection into the MO and O outlets occurred 
15% and 3% of the time, respectively.  These quantification results further confirm that 1 μm beads selectively focus into 
the center outlet whereas 0.1 μm beads distribute into all outlets leading to effective sorting of the differentially sized 
particles. 
 Numerical simulations were performed with Comsol in order to analyze experimental results within the given device 
geometry using the Transport of Diluted Species module. We adapt diffusion, EOF, and the dielectrophoretic mobility to 
the size of the employed particle. These simulations demonstrate specific size selection with -50V applied to the center 
outlet (-20V to MO and O outlets) as demonstrated in Figure 5 which is in agreement with experimental results. We 
furthermore demonstrate that the DEP effect is insignificant for the 0.1µm beads as the concentration profile considering 
DEP shown in Figure 5a is identical to that without DEP (not shown).  In both cases, the concentration profile is 
relatively constant for all outlets as expected. 
 

 

Figure 1: Schematic of entire sorting microstructure and enlargement of 

restriction region. Positive potential (HV) is applied to inlet on left and 

negative potential applied to outlets. O: Outer, MO: Mid-Outer, C: Center 

Figure 2:      in the sorting region. 
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Figure 5: Concentration 

profiles with -50V applied 

to center outlet (C). A) 

0.1µm beads with DEP. B) 

1µm beads with DEP. C) 

1µm beads without DEP. 

In all cases, -20V applied 

to MO and O. Color legend 

shows relative 

concentration values. 

Conversely, DEP ameliorates the focusing of the 
1µm beads and thus improves selectivity (Figure 5b) 
with the same potential scheme applied compared to 
the case without DEP (Figure 5c) which results in a 
constant concentration profile for all outlets.  These 
results indicate the importance of balancing DEP and 
electrokinesis for size fractionation with high 
selectivity. Our experimental and simulation data 
indicate that this technique is promising for future 
applications such as crystal sorting in the field of 
membrane protein nanocrystallography. 
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Figure 3: A) 0.1µm beads focused at >60V applied 

to center outlet. B) 0.1 µm beads distributed in all 

outlets at -55±5V applied to the center outlet. C) 

1 µm beads focusing at -55±5V. 

 

 

Figure 4: Separation efficiency represented as the 

normalized ratio of beads flowing into the center outlet 

with respect to the other outlets. 
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ABSTRACT 

We demonstrated that spiral microchannels could efficiently separate plasma from whole human blood toward 
autologous serum eye drop, which provides benefits for all dry eye patients.  The optimized spiral microchannels 
realized 100% separation of 10 µm particles and over 90% separation of blood samples. 
 
 
KEYWORDS 
Plasma separation, Spiral microchannels, Dry eye.  

 
 

INTRODUCTION 
Dry eye, which makes cornea scarred, is mainly caused by overuse of personal computers, leading to prevent our 

eye from tear spreading to eye surface; nevertheless, it is of most difficult to cure dry eye with commercially 
available eye drops.  Recently, it is reported that the use of autologous serum or plasma as eye drop worked on dry 
eye efficiently [1].  However, preparation of autologous serum eye drop requires troublesome procedures such as 
centrifugation, filtration and dilution. 

 
 

 
Figure 1.  (a) Photograph of the spiral microchannel.  (b) Micrograph of the spiral microchannel.  10 µm 
particles were focused at equilibrium position close to the inner wall of microchannel.  (c) Schematic diagrams of 
particle focusing by inertial lift force.  (d) Schematic diagrams of particle focusing by the combination between 
inertial lift force (FL) and Dean drag force (FD).  Blue and black arrows showed the direction of Dean drag force 
and combined force, respectively. 
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In this work, we demonstrated high throughput plasma separation by using spiral microchannels towards the goal 
of dry eye treatment.  A photograph and micrograph of the spiral microchannel are shown in Figures 1(a) and 1(b), 
respectively.  Particles in solution flowing in the spiral microchannel were exposed to inertial lift force (FL) and 
Dean drag force (FD) as shown in Figures 1(c) and (d), respectively, resulting in particle focusing at the equilibration 
position close to the inner wall of the spiral microchannel [2]. 

The inertial lift force can be expressed as 
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where CL is the lift coefficient, ρ is the density of fluid medium, Umax is the maximum fluid velocity, ap is the 
particle diameter, and Dh is the microchannel hydraulic diameter. 

The Dean drag force also can be expressed as 

FD = 5.4!10
"4!µDe1.63ap = 5.4!10

"4!µ Re Dh

2R

#

$
%

&

'
(

1.63

ap  (2) 

where De is the Dean number, R is radius of circular channels. 
A ratio of the inertial lift force to the Dean drag force was calculated as follow 
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where α and β are parameters witout ap and Dh. 
 
 

RESULTS AND DISCUSSION 
The features of spiral microchannels, such as an aspect ratio, the number of spirals, and flow rates, should be a 

candidate of parameter for separation efficiency.  By changing of the aspect ratio from 0.1 to 1.0 under fixed other 
conditions, we concluded that the aspect ration from 0.2 to 0.1 was suitable for 10 µm particle separation, especially, 
0.1 showed 99% of separation efficiency (Figure 2(a)).  Next, we considered the effect of the number of spirals on 
separation efficiency, and examined it from 0.5 to 7.5 spirals under fixed other conditions.  Figure 2(b) showed that 
the separation efficiency increased as an increase of the number of spirals, leading to 99% separation efficiency in 
7.5 spirals.  From the above results, we used the spiral microchannel with 0.1 aspect ratio and 7.5 spirals to 
examine an influence of flow rates on separation efficiency.  As we increased the flow rate from 100 to 5000 
µL/min, the separation efficiency drastically improved, and finally we achieved 100% separation efficiency in 5000 
µL/min; the Reynolds number and the Dean number were 217 and 14.2, respectively.  

 
 

 
Figure 2.  Recovery rate of 10 µm particles vs. each parameter.  Red circles and blue triangles showed the 
recovery rate at inner and the outer outlet, respectively (N = 3).  Cross sectional area is 50000 µm2.  (a) Recovery 
rate vs. aspect ratio of spiral microchannels.  The aspect ratio meant the ratio of channel height to width.  The 
number of spirals is 7.5, and flow rate is 1000 µL/min.  (b) Recovery rate vs. the number of spirals.  One spiral 
meant a circle.  The aspect ratio is 0.1, and flow rate is 1000 µL/min.  (c) Recovery rate vs. flow rate.  The 
aspect ratio is 0.1, and the number of spirals is 7.5. 
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After the optimization, we introduced whole human blood into spiral microchannels.  As same as 10 µm 

particles, the separation efficiency of blood samples increased as the flow rate increased, however we could not 
attain 100% efficiency due to the shape of red blood cells (8 µm diameter and 2.5 µm thickness) in Figure 3(a).  As 
expected, the viscosity from blood samples affected on separation efficiency, and the separation efficiency degraded 
as the concentration increased (Figure 3(b)).  While the separation efficiency is not enough to make autologous 
serum eye drop, spiral microchannels with large radius circular channels could be preparation devices for plasma 
separation toward dry eye treatment. 

 
 

 
Figure 3.  Recovery rate of blood samples vs. (a) flow rate and (b) blood concentration.  Cross sectional area is 
50000 µm2, the aspect ratio is 0.1, and the number of spirals is 7.5.  (a) Initial concentration is 0.25%.  Red 
circles and blue triangles showed the recovery rate at inner and the outer outlet, respectively (N = 2).  (b) Flow 
rate is 5000 µm/min.  Red circles and blue triangles showed the recovery rate at inner and the outer outlet, 
respectively. 

 
 

CONCLUSIONS 
In this paper, we demonstrated that spiral microchannels could efficiently separate plasma from whole human.  

The features of spiral microchannels significantly affected on the separation efficiency, and we found the optimized 
design of the microchannels and flow rates; the aspect ratio (channel height/width) was 0.1; the number of spirals 
was 7.5; the flow rate was 5000 µL/min.  The optimized spiral microchannel and flow rate realized 100% 
separation of 10 µm particles and over 90% separation of blood samples. 
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ABSTRACT 
Here we present a surface energy traps (SETs) assisted magnetic droplet actuation platform for complex fluid handling. 

Dilution series in the form of discrete droplets are rapidly generated on the platform. Bacterial antibiotics susceptibility test is 
performed in droplets with dilution series of ampicillin generated by SETs. 
 
KEYWORDS: 
surface energy trap, droplet microfluidics, bacteria antibiotics susceptibility 
 
INTRODUCTON 

Open surface droplet microfluidic platform utilizes discrete droplets as virtual chambers for material containment, 
exchange and reactions[1-3]. Sample transfers, biochemical reactions and analytes detection are accomplished by dispensing, 
moving, splitting and merging droplets through a number of actuation mechanisms such as magnetic force[1-3], 
electrowetting (EWOD)[4], surface acoustic wave[5], and dielectrophoresis[6]. Magnetic droplet actuation has special 
benefits due to the dual functionality of the magnetic particles (MPs) which serve both as droplet actuator and solid substrate 
for molecule adsorption[1-3].Magnetic droplet platforms circumvent the need for external fluid control system. A small 
magnet is sufficient to maneuver the droplets to complete missions. The reduced complexity and full functionality of 
magnetic droplet platforms make them ideal for miniaturized and portable analysis. 

Despite its numerous advantages, magnetic actuation has certain limitations. The major disadvantage is that magnetic 
droplet is limited to basic operations such as droplet movement, merging and MPs extraction. One very important operation, 
which is to dispense droplet aliquots from the stock solution, has not been achieved on any magnetic droplet platforms so 
far.Up to date, only EWOD have demonstrated droplet dispensing. However, EWOD by itself is not able to manipulate 
magnetic particles which are often required in complex assays as molecule carriers. A secondary mechanism is required to 
facilitate the particle extraction. Commonly used methods include dielectrophoresis and magnetic force. The additional 
mechanism further complicates the already convoluted system, rendering it less portable and less desirable for biomolecular 
sensing.  

 
Figure 1: Conceptual illustration of SETs-assisted magnetic droplet manipulation platform. The SETs are patterned by 
selectively removing portions of the Teflon AF nanofilm using reactive ion etching through a SU8 shadow mask. The SETs-
assisted platform allows common droplet operation such as droplet moving and merging. In addition, SETs facilitates 
particle extraction and enables droplet dispensing, which greatly broadens the applicability of magnetic droplet systems. 

EXPERIMENTAL 
To overcome the aforementioned issue, we have incorporated SETs to facilitate magnetic droplet manipulation. 

Depending on the SETs size, droplet volume and MPs amount, SETs can immobilize the entire droplet to assist MPs splitting, 
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make droplet aliquots and create dilution series (Fig. 1). With SETs, the applicability of magnetic droplet microfluidics is 
considerably extended. SETs are created by etching the Teflon AF nanofilm through an SU8 shadow mask, crafting high-
surface-energy islands among lower-surface-energy regions (Fig. 2A). They function by altering the surface wetting property. 
Once the droplet moves over SET, the contact line is pinned down, preventing the droplet from moving (Fig. 2B-D). The 
SET holds the merged droplet in position whereas the MPs plug overcomes the surface tension and splits from the droplet 
(Fig. 2B). In addition, droplets of pre-determined volumes can be metered and aliquoted from the parent droplet using SETs 
in air (Fig. 2C) and in oil (Fig. 2D) medium.  

 

Figure 2: Workflow for creating SU8 shadow and patterning SETs with the SU8 shadow mask.Demonstration of droplet 
manipulation of the SETs-enabled platform. (A) Droplet moving, merging and particle extraction. B) Droplets dispensing in 
air. C) Droplet dispensing in oil. 

RESULTS AND DISCUSSION 
To make dilution series with SETs, the solution buffer droplet is first pulled over an array of SETs (Fig. 3A).  The array 

consists of SETs of different sizes which are calculated to create daughter droplets of desired sizes. Then the dilution buffer 
droplets are dragged to merge with the daughter droplets (Fig. 3B). The MPs used to drive the dilution buffer droplets are 
subsequently removed with the assistance of SETs (Fig. 3C). Two dilution series of fluorescein with respective dilution 
factors of 2 and 101/3 are created using water as dilution buffer. The expected concentrations are plotted against the measured 
concentration in log-log scale. The linear fitting yields slopes of 0.95 (Fig. 4a) and 0.9 (Fig. 4b) respectively, both of which 
are close to 1. A slope of 1 indicates the measured concentrations match exactly with expectations. 

Figure 3: Procedures of making dilution series in droplets with SETs. 

A twofold dilution series of ampicillin are generated using this approach. Dilution buffer droplets containing 
E.coli and broth are merged with ampicillin daughter droplets created by SETs. The droplet dilution series are 
incubated at 37°C for 48 hours in humid chamber. The optical density (OD) of all droplets are measured and 
normalized to positive control droplet which does not contain ampicillin. The growth of the susceptible E.coli 
strand is inhibited and the inhibition effect becomes more significant with increased antibiotics concentration (Fig. 
5a), whereas the resistant E.coli strand is not affected by the antibiotics (Fig. 5b). 
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Figure 4: A) SETs meter daughter droplets from the parent droplet to create aliquots. The sizes of the aliquots are uniform 
with a 3.3% variation in volume. B) The volumes of the daughter droplets can be controlled by the sizes of SETs. 

 

Figure 5: A) Dilution series made by SETs with a dilution factor of 2. The expected concentration is plotted against the 
measured concentration. The best linear fitting yields a slope of 0.95. B) Dilution series with a dilution factor of 101/3. The 
best linear fit has a slope of 0.9. 
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ABSTRACT 
    This paper reports a microfluidic device composed of a reversibly-assembled microfluidic chamber chip and 
multi-microwell array chip. This device enabled perfusion culture of spheroid in a microarray format, and detailed 
post-culture analysis by collection of spheroids from the disassembled device. The device provides four advantages 
simultaneously; the uniform spheroid formation, growth analysis in a microarray format, controlled proliferation by 
flow rate of perfusion, and post-culture analysis by collection of spheroids from the disassembled device. Thus, this 
method is a promising tool for fundamental and application research in drug screening, tissue engineering, and 
regenerative medicine. 
 
KEYWORDS 
Microwell array, Spheroid, Perfusion culture, HepG2 cells, Post-culture analysis 

 
INTRODUCTION

Three-dimensional cell aggregates emulate in vivo 
microenvironments more accurately than do 
conventional two-dimensional monolayer cultures.[1] 
In particular, spherical multicellular aggregates 
(spheroids) display tissue-like architectures and can 
maintain the high liver-specific functions of 
hepatocytes,[2] provide hypoxic conditions for cancer 
cells in therapeutic studies,[3] and induce controlled 
differentiation of stem cells.[4] Recently, we and 
several research groups developed spheroid arrays 
using a microwell structure, which enables mass 
production of spheroids with controlled 
diameters.[5–11] 

Generally, nutrients and oxygen must be supplied 
to maintain spheroid cultures.[12, 13] Toward this end, 
some research groups have created perfusion cultures 
of spheroids formed in the microfluidic devices to 
realize controlled mass transfer of nutrients and 
oxygen.[14–17] Even though array-formatted 
microchambers are essentially required for 
high-throughput analysis on a single chip, none of 
those groups reported the perfusion culture of 
spheroids in such microchambers, because of the 
difficulty associated with loading spheroids uniformly. 
Furthermore, most of the reported perfusion culture 
microfluidic devices have difficulty in collecting the 
cultured spheroids for further analysis, such as DNA 
and protein expression analysis, because the 
microchambers are covalently bonded to the culture 
surface.[14–16,18] These disadvantages have limited 
the applicability of microfluidic devices in practical 
drug screening. In this study, we circumvented the disadvantages associated with perfusion culture of spheroid array 
by creating a microfluidic device composed of reversibly-assembled microfluidic chambers and microwells. 

EXPERIMENT 
The microfluidic device for perfusion culture of spheroid array is composed of a poly(dimethylsiloxane) (PDMS) 

microfluidic chamber chip and a poly(methyl methacrylate) (PMMA) multi-microwell array chip (Fig. 1a). The 
microfluidic chamber chip consists of a microfluidic chamber layer, which has a microfluidic channel network and a 
4×4 array of quadrilateral through-holes that serve as culture chambers. The multi-microwell array chip consists of a 
4×4 array of microwell regions, and each microwell region consists of an 8×8 array of microwells. A suspension of 
HepG2 cells was manually inoculated onto the microwell regions on the multi-microwell array chip. After the cells 

Figure 1. (a) Schematic diagrams of the microfluidic 
device for perfusion culture of spheroid arrays. (b) Four 
differently colored dye solutions were loaded into the 
microfluidic network on the device. 
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fell into each microwell, the two chips were assembled 
with the fixtures, and the assembled device was used 
for perfusion culture (Fig. 1b). 

HepG2 spheroids were formed and cultured in the 
assembled microfluidic device by following procedures 
of cell inoculation, chip assemblage and perfusion 
culture. A suspension of HepG2 cells was manually 
inoculated onto the microwell regions on the 
multi-microwell array chip at a density of 6.4 × 103 
cells/chamber/3.8μL (100 cells/microwell) using a 
PDMS stencil. After the cells fell into each microwell, 
the culture medium was removed and the PDMS 
stencil was peeled off. The microfluidic chamber chip 
was placed in contact with the multi-microwell array 
chip with alignment of the through-holes and the 
microwell region. The two chips were placed on a 
stainless steel support frame and held in place with the 
fixtures.  

Perfusion culture of the spheroid array was carried 
out by applying a pressure. The flow rate was easily 
controlled by regulating the pressure applied through the 
vent filter.  

 
RESULTS AND DISCUSSION 

Perfusion culture of the spheroid array was carried 
out at low and high flow rates of 64.0 ± 2.7 and 154.3 ± 
16.2 μL/chamber/day, respectively. Fig. 2(a)–2(i) show 
phase-contrast micrographs obtained under static, 
low-flow-rate perfusion, and high-flow-rate perfusion 
culture conditions at 3, 7, and 10 days of culture. Under 
all culture conditions including static culture, HepG2 
cells spontaneously formed spheroids with uniform 
diameter in each microwell after 3 days of culture and 
the diameter of the spheroids increased for at least 10 
days of culture.  

Proliferation of the HepG2 spheroids in 8×8 arrays 
of microwells in the 4×4 array of the culture chambers 
was quantitatively analyzed by conducting image 
analysis of both the static and perfusion cultures. 
Throughout the 10 days of cultivation, the 
high-flow–rate perfusion culture condition led the 
largest diameter probably because this condition 
provided the largest supply of nutrients to the spheroids 
(Fig. 3). The high-flow–rate perfusion culture condition 
led the largest diameter probably because this condition 
provided the largest supply of nutrients to the spheroids. 

After 15 days of culture, the microfluidic device was 
disassembled and spheroids were collected from each 
culture chamber. The number of cells in the collected 
spheroids was counted by means of 
DNA-4’,6-diamino-2-phenylindole (DAPI) fluoresce, 
and mRNA expressions in the cells was measured by 
real-time polymerase chain reaction (PCR) analysis. The 
cell numbers obtained for the static and low-flow-rate 
perfusion cultures were almost the same, whereas a 
significantly higher cell number was observed for the 
high-flow-rate perfusion culture (Fig. 4a). The mRNA 
expression levels for E-cadherin and connexin-32 were 
the same for both the static culture and the 
low-flow-rate perfusion culture; however, 
high-flow-rate perfusion culture exhibited low 
expression of E-cadherin (Fig. 4b and 4c). These results 
indicate the potential of the perfusion culture to control 

Figure 3. Distributions of spheroid diameters in the 8×8 
microwells in the culture achambers (j); diameters are 
expressed as the means of at least 8 chambers. Red and 
yellow arrows indicate flow direction through the 
culture chamber.

Figure 2. Phase-contrast micrographs of spheroids 
under static culture (a–c), low-flow-rate perfusion 
culture (d–f), and high-flow-rate perfusion culture (g–i). 
Micrographs were obtained at 3 days (a, d, g), 7 days 
(b, e, h), and 10 days of culture (c, f, i). Scale bar: 500 
µm. 

Figure 4. Cell numbers (a) and mRNA expression levels 
for  E-cadherin (b), and connexin-32 (c) at day 15 of 
culture for static (white columns), low-flow-rate 
perfusion (black columns), and high-flow-rate perfusion 
(striped columns) cultures. The expression level of the 
HepG2 cell suspension was set as 1.0. Error bars 
represent SD. *P < 0.01. 
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the culture environment in each culture chamber. 
In summary, we developed a novel microfluidic device for controlled perfusion culture of uniformly formed 

spheroids. The reversibly-assembled device enabled the collection of spheroids from its array-formatted culture 
chambers, thus overcoming one of the major limitations of microfluidic cell-culture chips. The collected spheroids 
can be used for further traditional cell assays such as PCR, cell sorting, and immunohistochemistry assays. 
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ABSTRACT 

This paper reports a micro-scale programmable cell stretching platform. The platform keeps the cell monolayer 
in the microscopic focal plane throughout the stretching process allowing real-time imaging of the cells with 
magnifications up to 40×, and post-stretching optical analysis with magnification up to 100×. The device consists of 
highly parallelized stretching array of 15 units with reconfigurable strains. Each unit was an assembly of three 
elastomeric layers and a bottom glass cover-slip. In the middle of the assembly, an 8 μm thick membrane is used as 
the stretching substrate for the cells. A programmable pneumatic control system provides actuation. The stretching of 
the membrane is measured in situ using µPIV technique. The results show that a uniform strain of above 60% can be 
achieved. Preliminary cell stretching experiments in this device with 5 different cell lines were conducted. Both the 
acute cell deformation and chronic morphological changes in response to the cyclic strain have confirmed the 
functionality of this platform. 
 
KEYWORDS 
Mechanobiology, cell stretcher, pneumatic actuation, BioMEMS, polymeric micromachining.  

 
INTRODUCTION 

Mechanical strain is widely used in the study of mechanobiology as a physical stimulus for recreation of 
microenvironment in vitro. In the past two decades, various mechanisms that apply strain to cells have been 
developed, bringing an increasing possibility for biologists to study physically induced physiological changes. 
However, most of the conventional mechanisms are meant for bio-chemical assay based bulk analysis. Not until 
recently was the power of microscopy utilized for obtaining the most direct visualization of these cell behaviors. 
This paper reports the systematic development of a micro-scale cell stretching platform, which consists of a 
reconfigurable array of strain units and a highly-parallelized and programmable pneumatic control system. 
Compared with conventional macro-scale stretchers, the miniaturization of cell culturing chamber has effectively 
reduced the consumption of cell sample and reagent. The small device footprint allows the implementation of a 3×5 
array (every 3 units form a group, which are simultaneously actuated to provide a triplicate experimental condition) 
on a standard 24 mm×50 mm cover slip. The device is optimized for microscopic imaging. Compared with other 
stretching mechanisms [2], the platform keeps the cells in microscopic focal plane throughout the stretching process, 
and hence enables uninterrupted real-time imaging of cells. Furthermore, the reduction of the thickness of the bottom 
layer allows the device to be used with high resolution immersion-based objective lenses, whose working distance is 
always limited due to the high numerical aperture. Moreover, the in-plane stretching also ensures the uniformity of 
the strain inside each unit. As the membrane is actuated sideways, it eliminates the problems of friction and 
contamination, which is inherent in most post-supporting mechanisms [3-4]. A Labview-based pneumatic control 
system provides simultaneous switching actuation to 24 stretching units in maximum. The stretching frequency of 
each 3-unit group can be individually programmed, while the magnitude of strain can be adjusted precisely by 
setting the vacuum strength to the desired value. To give more test options, a maximum strain of greater than 60% is 
achieved in this device, compared to that of approximately 30% in most of other mechanisms. Presently, we are also 
working on the different configurations of the device, Figure 1(d), which would allow different types of strain with 
desired anisotropicity to be applied to the cells. 
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Figure 1. Programmable cell stretching platform: (a-b) Structural concept of uniaxial stretcher at relaxed and 
stretched state; (c-d) The fabricated platforms of a uniaxial & equibiaxial (underdevelopment) strain array with 3×5 
parallelization;(e) Schematics of the pneumatic control system;(f) In-house made 4DOF PDMS alignment and 
bonding device; (g) Base layer thickness reduction for high-resolution imaging.  
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EXPERIMENTAL 
A simplified 2D static structure model of the platform was implemented in ANSYS. Sensitivity analyses about 

the 4 parameters of interests were carried out, by varying each parameter in iterations. The simulation results suggest 
that the channel height is the most significant parameter, Figure 2(a). Thus, the channel height is built either with 
400 µm for high-strain applications, or 200 µm for best optical compatibility. The simulation also suggests that the 
strain is linearly proportional with the vacuum strength. The model predicted a uniform strain on the membrane 
ensuring all cells loaded in one unit experiencing the identical physical condition. 

Both the top and bottom elastomeric layer were fabricated by PDMS replica molding. However, the bottom layer 
is casted with an additional step of pressing a cover-slip down onto the PDMS (under a pressure of 40 Pa), until it is 
firmly in contact with the SU8 mold. The PDMS formed a reversible bond with the cover-slip allowing 
post-stretching microscopic analysis with higher magnification objectives. Both the SU8 master-mold and a 
glass-slide were pre-treated with Teflon (STS Deep RIE, 1 min). PDMS was cured at room temperature for 48 hours 
to avoid thermal expansion. The middle PDMS membrane is spin-coated at a rate of 4000 rpm for 180 sec on a 
circular acrylic disk, to form a layer of 8±1 μm. This membrane is bonded with the bottom layer first on the 
cover-slip with oxygen-plasma treatment (120W @30s, NT-2, BSET EQ). The bonded structure is plasma treated 
again with the upper layer before they are aligned and bonded. To carry out the bonding process with both rapidity 
and precision, a special in-house made 4 DOF alignment tool was used together with a microscope, Figure 1(f). To 
connect the two half vacuum channels, the excessive membrane is either mechanically torn off or etched 
(TBAF:DMF, 3:1, v/v). Each vacuum chamber is flushed by the etchant at a rate of 100 μl/min, which usually takes 
15 min to completely etch away the 8 μm membrane. To clean the residue of etchant, the vacuum chamber is further 
flushed by DMF and ethanol consecutively, for 10 minutes each at the same flow-rate.  

The control system is depicted in Fig. 1(e), the negative pressure is supplied by a vacuum pump (Dryfast 2034, 
Welch), and is maintained at an exact pressure in the range of 20~760  Torr by a vacuum controller (LabAid 1640, 
Welch). The vacuum output branches into 3 manifolds, and was further divided into 24 ports. Each port is regulated 
by a solenoid valve (S10MM-31-12-3, pneumadyne). A custom control program and signal translation circuit was 
used for generating electric signals, which simultaneously actuate the valves with different frequencies up to 100Hz. 
The resultant strain in the device is qualitative characterized with cross-correlation algorithm (OpenPIV). 
Fluorescent micro-beads (diluted in ethanol to 0.25%) were coated onto the membrane prior to bonding with the 
bottom layer. To give a quantitative interpretation of the strain distribution on different locations of the membrane, 
sequential recording were taken at discrete vacuum levels from 20 to 720 Torr, with an increment of 100 Torr. The 
displacement of each particle was manually measured (ImageJ) for determining the strain. 

The cell channel was cleaned and coated with collagen-gel solution in the way reported by Huh et al.[1]. After 2 
hours of coating, the channel was rinsed again by the respective cell growth medium, and cells trypsinized and 
resuspended at the concentration of 3~5 millions/ml. Only 10 µl cells were taken by the pipette tip for one unit. One 
pipette tip was inserted into the channel inlet, while another empty pipette tip was inserted in the outlet to gently 
redraw 5 µl. The device was incubated for 1~3 hours until cells attach to the membrane. Subsequently, the pipette 
tips were removed. Tubing was connected to the two ends of the channel to supply nutrient to the cells. The whole 
setup is housed in a mini incubator (5% CO2, 37˚C and high humidity) on the microscope stage. 

Five different cell lines including A549, COS7, PTK2, RBL and benign human foreskin fibroblast (Fibro) were 
cultured in the devices following the above protocol. Real-time video were recorded at 5 fps to determine the 
immediate cell shape distortion in response to the applied strain. A relatively small constant cyclic strain (5%, 0.1 Hz) 
was applied to the cells to investigate the strain-induced morphological changes. The test with each cell line is 
triplicate and compared with control, i.e. each cell line is cultured simultaneously in 6 units, 3 of them are stretched 
under the identical condition while 3 others were not stretched. 40× magnification multi-stage time-lapsed 
recordings were taken for all samples for more than 6 consecutive hours, at an interval of 5 min. After the stretching, 
the cells were fixed in the device with formaldehyde (4%), and subsequently permeablized by cold acetone (-20˚C). 
Immunofluorescence staining was applied to 3 major cytoskeleton components, namely actin-filament, micro-tubule 
and nucleolus. 
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Figure 2 Characterization and experiments: (a) The sensitivity of resultant strain to the variation of geometric 
parameters and vacuum strength; (b) Qualitative analysis of deformation\strain using cross-correlation algorithm 
for (b1) beads suspended in liquid flowing in a uniaxial stretching unit, (b2) beads embedded in membrane in a 
uniaxial and (b3) equibiaxial stretching unit, respectively; (c) Strain distribution on the membrane at discrete 
vacuum levels. 
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RESULTS AND DISCUSSION 
Stretching in uniaxial or equibiaxial direction can be quantitatively visualized. The displacement increases 

linearly from zero at the centreline\centre to the maximum at the membrane edge. The linear proportionality means 
strain uniformity. The linear dependency between the vacuum strength and strain, as predicted by the simulation, is 
also confirmed by quantitative results. 

By comparing the stretched and relaxed state of an isolated cell in the real-time video recording, we observed 
that cells have formed firm bonding with the membrane, and hence following the motion of the membrane precisely. 
On the other hand, the time lapse recording of three different cell lines demonstrated the various cell activities in live, 
including migration, spreading, contraction, blebbing, etc. Comparison with controls (images not shown) suggests 
that the RBL cells become especially active under such stretching regimen, while the PTK2 cells are relatively 
insensitive to this level of stretching. Hypothetical merging of cells has also been observed in A549, although the 
real conclusion can only be drawn after systematic studies. After immunofluorescence staining, a 2D confocal image 
of the PTK2 cells were taken at 100× magnification with the bottom cover-slip of the device detached. By detaching 
the bottom coverslip, the stretcher has obtained an ultra thin bottom, of a thickness slightly above 100 µm. Either 
cell culture medium or immersion oil can be injected into the bottom half cell channel to match the reflective index, 
allowing the use of advanced microscopy. 
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Figure 3. Cell stretching experiments: (a) Snapshots of relaxed and stretched state taken from real-time video 
recording of isolated cells, for the analysis of cell shape distortion in response to the stretching the membrane 
(15%,1Hz); (b) Confocal microscopy image of PTK2; (c) Time lapse recording of 3 cell-lines subjected to cyclic 
stretching (5%, 0.1Hz), with 40× Differential Interference Contrast (DIC) microscopy. Multi-stage time-lapse 
recordings were taken at 5 min interval. 

 
CONCLUSIONS 

In this platform, a side-stretching mechanism is utilized for keep cell stretching in focal-plane. By successfully 
reducing the distance between the stretching membrane and bottom, this platform can provide a superior optical 
property that is essential for utilizing the power of advanced microscopy for mechanobiological studies. Meanwhile, 
the high parallelization, realized by having individually programmable stretching regimens and downscaling of form 
factors, will also significantly increase the experimental throughput. 
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and support from Su Maohan as well as Wu Min for microscopic imaging. 
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ABSTRACT 
    This paper reports a microfluidic cell culture device capable of studying combination of hydrostatic 
pressure and shear stress contribute to endothelial cell growth.  The device is constructed by a single layer 
microfluidic pattern made of polydimethylsiloxane (PDMS).  Microfluidic channels are designed using 
equivalent fluidic circuit model in order to create combinations of various hydrostatic pressure and shear stress.  
In the experiments, human umbilical vein endothelial cells (HUVECs) are cultured in the device, and their 
orientation, geometries, and protein expression are analyzed.  The developed device provides a powerful tool 
to systematically study the cell behaviors under combinations of different mechanical stimulations.  
 
KEYWORDS 
Endothelial Cell, Hydrostatic Pressure, Shear Stress, Microfluidics  

 
INTRODUCTION 

Endothelial cells (ECs) are exposed to three significant mechanical forces in vivo: fluid shear 
stress, pulsatile stretch and hydrostatic pressure [1]. Many microfluidic cell culture devices have 
been developed to mimic physiological mechanical microenvironments to study EC behaviors. Most 
studies focus on single force, and the results demonstrate that these forces can influence EC growth 
and function, which are critical in endothelial physiology and pathophysiology [2]. Recently, some 
studies started to focus on the combination of these mechanical forces, and the results show that EC 
morphology is changed by flow pattern [3]. However, most present experiments designed for 
creating combined mechanical force environments are complicated and hard to be scaled up. In this 
study, we develop a microfluidic device, which provides cell culture microenvironments with 
various combinations of hydrostatic pressure and shear stresses.  In the experiments, we studied 
cell morphology and protein expression of human umbilical vein endothelial cells (HUVECs) 
exposed to combined forces. 

 
EXPERIMENT 

Figure 1(a) shows the device fabricated by the well-developed soft lithography.  According to 
fluid mechanics, the same shear stress exhibits at four cell culture chambers because of the identical 
total flow resistances created by meander-shaped channels in four branched channels. In contrast, 
the hydrostatic pressure in the four chambers is different due to the chamber positions. As the 
numerical simulation result shown in figure 1(b), while flowing at 100 µl/min, shear stress is 16 
dyn/cm2 and hydrostatic pressures are 50, 80, 110 and 140 mmHg in four chambers. HUVECs are 
first seeded and cultured in chambers until reaching confluent, and the medium is pumped with a 
flow rate 100 µl/min for 6 hours. 

 
RESULTS AND DISCUSSION 

The HUVEC morphology under different conditions is observed as shown in figure 2. HUVECs 
are oriented to flow direction in flow chambers compared to the static control, in which HUVECs 
are seeded in the device without flowing (no shear stress and no hydrostatic pressure). To study the 
cell morphology and protein expression, vascular endothelial cadherin (VE-cadherin), filamentous 
actin (F-actin) and nuclei are fluorescently stained. The resulted photos (Fig. 3) show the strong 
VE-cadherin expression (green) in static control and weaker expression in flow chambers. The 
VE-cadherin expression is also down regulated by higher hydrostatic pressure. F-actin (red) 
filaments are clear and distributed in a rounded shape in static control, while they are indistinct and 
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distributed randomly in flow chambers. By analyzing the photos, the intensity of VE-cadherin 
expression (IVE), cell orientation angle (Ang) and cell shape index (SI) can be calculated as shown in 
table 1. Compared to the static control, the VE-cadherin expression is reduced in flow chambers. As 
the hydrostatic pressure increases, the VE-cadherin expression further decreases. The flow direction 
is defined as 0 degree and the cell orientation is closer to flow direction in higher hydrostatic 
pressure. In addition, the shape index results show that HUVECs are slightly elongated in flow 
chambers. 
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Figure 1  (a) Schematic of the microfluidic 
device for EC studies. A, B, C and D are the cell 
culture chambers. (b) Simulation results when 
flow rate is 100 !l/min: shear stress is 16 dyn/cm2 
and hydrostatic pressures are 50, 80, 110 and 140 
mmHg in four chambers.
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Figure 2. Bright field photos of (a) static control 
in device and flow chambers with a 16 dyn/cm2 
shear stress and a hydrostatic pressure of (b) 50 
mmHg (c) 80 mmHg (d) 110 mmHg (e) 140 
mmHg. Scale bar indicates 200 !m. 

 
Table 1.  The table shows the mean values of VE-cadherin intensity (IVE), orientation angle (Ang), 
shape index (SI) of HUVECs under different conditions. The flow direction is defined as 0 degree. 
Shape index = 4"*(cell area)/(cell perimeter)2 . 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 

In summary, with the device developed in this study, the endothelial cell behaviors under the 
various combinations of hydrostatic pressure and shear stress conditions can be easily studied. 
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Static Control With Flow (shear stress: 16 dyn/c!!) 
Dish Device 50 mmHg 80 mmHg 110 mmHg 140 mmHg 

IVE 
(!!!/cell) 464 377 240 90 66 58 

Ang 
(degree) 47.7 41.8 34.3 31.6 29.3 26.2 

SI 0.61 0.61 0.52 0.49 0.53 0.50 
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Figure 3. Immunofluorescence stain photos of (a) static control in dish, (b) static control in device 
and flow chambers with a 16 dyn/cm2 shear stress and a hydrostatic pressure of (c) 50 mmHg (d) 80 
mmHg (e) 110 mmHg (f) 140 mmHg. The photos are taken by a confocal laser scanning microscope. 
Scale bar indicates 100 µm. Flow direction is from the right side to the left side. 
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ABSTRACT 

    A perfusion three dimensional (3D) cell culture biochip embedded with on-chip vertical electrodes has been 

developed and is capable of onsite detecting the cell number in the 3D cell culture construct without sacrificing the 

cultured cells. Conventional monitoring of the cell number in 3D cell culture construct is normally based on the 

detection of the indicative cellular components (e.g., DNA assay), which requires sacrificing the cultured cells. In 

this study, the proposed biochip provides a well-defined and homogenous perfusion 3D culture environment and 

onsite monitoring of the cell number in the 3D culture construct by impedance measurement.  

 

KEYWORDS 

Biochip, vertical electrode, cell culture, cell number, impedance measurement.  

 

INTRODUCTION 

In the past decade, microfluidic systems or micro total analysis systems are rapidly developed and their study 

becomes a new interdisciplinary field. The main reason is because the micro-fabrication technique becomes mature. 

For example, soft lithography is capable of producing structures at micrometer scale inexpensively and rapidly [1]. 

Microfluidic systems can manipulate tiny quantities of liquids and perform biological assays on single chip [2]. 

Because of their miniaturization and automation, there are a number of advantages such as less sample/reagent 

consumption, reduced risk of contamination, less cost per analysis, lower power consumption, enhanced sensitivity 

and specificity, and higher reliability.  

In the study of cell biology, cells are conventionally cultured as a monolayer on a surface of a cell culture 

vessel, which is referred to two dimensional (2D) cell culture. This technique is widely used because of easy 

operation and observation. However, because cells inhabit environments with very specific 3D features in animal 

tissue, in vitro 3D cell culture has recently been interpreted for faithfully representation of the in vivo cellular 

behavior in living tissues [3]. Cells are encapsulated in a 3D polymeric scaffold material for the culture, providing a 

more physiologically-meaningful culture condition for cell-based assays [3]. To study the cell proliferation in 3D 

culture construct, the commonly used analytical technique is based on the measurement of cellular components such 

as DNA [4]. The cultured cells need to be lysed in order to release the DNA molecules; as a result, this technique 

hampers the use of the cultured cells for further cellular assays.  

In order to determine the cell number without sacrificing the cultured cells, the use of electrical impedance has 

been proposed in the 2D cell culture [5]. The rationale behind is to utilize a pair of electrodes to detect the 

impedance change of the biological substance. For example, the detection of Legionella bacteria was demonstrated 

using a pair of indium tin oxide (ITO) interdigitated microelectrodes on glass substrate [6]. Analyte-specific antibody, 

i.e., anti-Legionella IgG, was first immobilized on the electrode surface for capture of bacteria specifically. Therefore, 

bacterial concentration could be determined by the impedance change across the electrodes. Moreover, a 

miniaturized impedance imaging system was proposed for the observation of cell growth [7]. Cell migration and 

stratification can be monitored by the generated 2D images. Although reports in literature have demonstrated the use 

of impedance measurement of cell number, most of these studies were for the 2D cell culture format. In this study, a 

biochip is developed and provides a well-defined and homogenous perfusion 3D cell culture environment and onsite 

determination of cell number in the 3D cell culture construct without sacrificing the cultured cells. The proposed 

biochip consists of a culture chamber with on-chip vertical electrodes embedded at opposite sidewalls of the 

chamber. The measurement of cell number is based on the impedance change of the construct. This method suggests 

a fast and easy measurement and has the potential to be a total solution of 3D cellular assays. 

 

DESIGN AND FABRICATION OF THE BIOCHIP 
The proposed biochip consists of a glass electrode layer, a polydimethylsiloxance (PDMS) chamber layer and 

a PDMS fluidic layer. The fabrication process of the biochip is illustrated in Figure 1. A pair of electrodes was first 

printed on a glass substrate by using conductive paste. The electrodes were used for the seed layer of electroplating 

process and the electrical contacts to the external measurement equipment. Then, a 1mm thick PDMS chamber layer 

with a rectangular opening worked as a culture chamber was bonded to the glass substrate with appropriate 

alignment. Copper electroplating with current density of 0.2 A/cm
2
 was performed for 16 hours. Copper was grown 

from the seed layer to the upper surface of the culture chamber. Therefore, a pair of vertical electrodes (L×W×H: 

1×2×1 mm
3
) located at the opposite sidewalls of the culture chamber (L×W×H: 5×2×1 mm

3
) was fabricated. Finally, 

a PDMS fluidic layer fabricated by soft lithography was bonded to the chamber layer for medium perfusion purpose. 

Finally, the proposed biochip was fabricated. A photo of the vertical electrodes located at opposite sidewalls of the 

culture chamber is shown in Figure 1(e).  
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EXPERIMENT 

The proposed biochip provides a well-defined and homogenous perfusion 3D cell culture environment and 

onsite determination of cell number in the 3D cell culture construct without sacrificing the cultured cells. In this 

study, breast cancer cell (cell line: OECM1) was utilized to demonstrate the feasibility of using the proposed biochip. 

The cells were encapsulated in 2.0% (w/v) agarose gel (low-gelling temperature agarose, Sigma, Taiwan) to perform 

the 3D cell culture. The experimental process is schematically illustrated in Figure 2. Before the experiment, the 

biochip was sterilized using 70% (w/v) ethanol for 6 hours. To load the cells/agarose suspension to the culture 

chamber, a certain amount of the prepared suspension was pipetted to the culture chamber and followed by spreading 

it horizontally using a glass slide to remove the redundant suspension. Therefore, volume of such sample can be 

quantitatively defined by this procedure. After gelling, the fluidic layer was assembled with proper alignment to 

build the biochip. Fluidic tubing was connected to the inlet and outlet of the biochip. A commercial syringe pump 

(KDS 220, KD Scientific Ltd., USA) was utilized for the medium perfusion. Medium (DMEM with 1000mg/l 

glucose, 25mM HEPES, without sodium bicarbonate; pH 7.5) supplemented with 10% of fetal bovine serum (FBS) 

(Invitrogen, Taiwan) and 2% antibiotic/antimycotic solution was perfused to the cell culture chamber at the flow rate 

of 10 µl/h. Such miniaturized culture chamber can eliminate the chemical gradients existing in the 3D culture 

construct and the perfusion setting provides continuous nutrient supply and waste removal [8]. After 40 minutes 

perfusion cell culture, impedance measurement was performed by an impedance analyzer (HP 4192A). Potential of 

0.1 V was applied across the vertical electrodes and the impedance magnitude was measured from 5 kHz to 100 kHz. 

Parallel electrical field penetrated through the cells/agarose construct and the cell number in the construct can be 

estimated by the impedance change.  

 

RESULTS 

Impedimetric spectroscopy of the cells/agarose construct is shown in Figure 3 and was conducted with the 

cells in 10
4
 cells/ml. From the figure, the response at frequency above 50 kHz shows resistive phenomenon, i.e., the 

magnitude shows relatively constant across the measuring frequencies. That indicates the response was dominated 

by the resistances contributed from agarose scaffold, medium, and cells. The capacitances from double layer 

between electrode and the electrolyte and cell membrane were minimized. At frequency below 50 kHz, the response 

showed a combination of resistive and capacitive effects. From the previous reports of 2D measurement, 

interdigitated electrodes were utilized for the detection of cells or bacteria laid on the electrode surface [9, 10]. 

Impedance behavior was affected by blocking of the applied electric field. In the current study of 3D measurement, a 

pair of vertical electrodes was used for the detection of cells suspended in the agarose scaffold. Cells were sitting in 

the agarose scaffold and treated as dopant from the viewpoint of electric characteristic. It is obvious that the increase 

of resistances from cells is due to the increase of cell number. Consequently, the total impedance measured at 

frequencies above 50 kHz is suggested to be suitable for the estimation of cell number in 3D culture construct.  

Electrical connections 

Impedance 

analyzer 

(b) Glass slide 
(c) 

Cells/Agarose 

suspension 

Fluidic layer 

Figure 2. Experimental process of perfusion 3D cell culture and cell monitoring. (a) Loading of cells/agarose 

suspension in the culture chamber and followed by spreading horizontally using a glass slide to remove the 

redundant suspension. (b) Bonding of the fluidic layer. (c) Connection of fluidic paths for medium perfusion and 

electrical connections for impedance measurement. 

Syringe pump 

analyzer  

(a) 

Figure 1. Fabrication of the biochip. (a) Definition of the seed conductive layer on a glass substrate. (b) Bonding 

of the PDMS layer to form the culture chamber. (c) Fabrication of the vertical electrodes by copper 

electroplating. (d) Bonding of the fluidic layer. (e) Photograph of the biochip embedded with on-chip vertical 

electrodes located at two opposite sidewalls of the culture chamber. 

(a) 

(b) 

(c) 

Glass substrate Conductive paste 

PDMS layer Electroplating copper 

(d) 

Vertical electrodes 

Culture chamber 

Vertical electrodes 

(e) 
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Impedance measurement is achieved by the application of an electric field across the sample under a certain 

frequency. In our study, cells/agarose construct was measured under a potential of 0.1 V. The electric field used to 

conduct the impedance measurement was found no harm to the cells. The cultured cells kept cell viability as high as 

94-97%. This can be observed from Figure 4 that most of the cells were live (green dots). Therefore, breast cancer 

cells in different cell number of 10
4
, 10

5
, and 10

6
 cells/ml were encapsulated in the agarose gel for the impedance 

measurement. The cells/agarose suspensions were loaded in the culture chamber respectively. Medium was applied 

to the culture chamber for 40 minutes before the measurement. The impedance magnitudes of the cell number in the 

construct measured at the frequency of 50 kHz is shown in Figure 5. The magnitude was directly proportional to the 

cell number in the construct. The result indicates the cell number in the 3D culture construct can be estimated by the 

impedance magnitude.  

 

CONCLUSION 

A biochip for perfusion 3D cell culture and onsite detection of cell number has been demonstrated. The 

proposed biochip mainly consists of a culture chamber embedded with a pair of vertical electrodes located at 

opposite sidewalls of it and a fluidic channel for medium perfusion. A well-defined and homogenous perfusion 3D 

cell culture environment and onsite impedimetric detection of cell number in the 3D cell culture construct are 

provided. Generally, the impedance magnitude of the construct was proportional to the cell number in the construct. 

By analyzing the impedimetric spectroscopy, it is suggested that the measurement is suitable in the frequency above 

50 kHz. The proposed biochip provides a physiologically-meaningful culture environment and a fast and easy 

measurement technique. Therefore, it is potentially to develop a total solution of 3D cell culture based assays with 

the capability of on-chip cell analysis.  
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MICROFLUIDIC SUSPENSION CELL CULTURE PLATFORM FOR 
STUDYING POPULATION HETEROGENEITY IN NF-KB SIGNALING  

Edmond W.K. Young1, Chorom Pak1, Shigeki Miyamoto1, David J. Beebe1 
1Wisconsin Institutes for Medical Research, University of Wisconsin-Madison, Madison, Wisconsin, USA 

ABSTRACT 
We describe a user-friendly scalable microfluidic cell culture system that can be combined with advanced image analysis 

to yield an accessible technique for studying single-cell nuclear translocation events in small cell populations (~103 cells). 
The system enables complete culture, treatment, staining, and image analysis of adherent and suspension cells – all on the 
same platform – while only requiring a micropipette and fluorescence microscope. We demonstrate that the system can be 
applied to investigate NF-κB signaling in hematologic cancer cells, and examine population heterogeneity in a manner not 
achievable with conventional assays such as electrophoretic mobility shift assays (EMSAs). 

KEYWORDS 
Microfluidics, cell culture, nuclear translocation, assay, immunostaining, NF-κB, cell heterogeneity, blood, cancer 

INTRODUCTION 
Progress in translational cancer research is currently hindered by a lack of practical tools for studying cell function and 

signaling mechanisms associated with chemotherapy and drug resistance. Conventional assays for studying signal 
transduction events (e.g., electrophoretic mobility shift assays, or EMSAs) require large quantities of cell sample per 
condition (>105 cells), but provide only population-averaged data with no information on single cells or on heterogeneity 
within a cell population. Furthermore, conventional in vitro cell-based assays often do not accurately recapitulate complex in 
vivo microenvironments [1]. Thus, there is a critical need for new and innovative methods to study signaling mechanisms of 
small cell populations in more physiologically relevant microenvironments, while analyzing single cells to achieve deeper 
insight on population heterogeneity [2]. 

We have developed a microfluidic cell culture system that enables complete culture, treatment, staining, and image 
analysis of adherent and suspension cells in a single all-in-one platform, while only requiring a micropipette and fluorescence 
microscope (Figure 1). The microfluidic system uses passive pumping, which relies on surface tension of dispensed droplets 
to move fluids, obviating the need for external pumps and tubing. In previous work, we described the design and fabrication 
of the microdevice and validated the platform by examining cell viability and NF-κB nuclear translocation of a human 
multiple myeloma (MM) cell line (RPMI8226) treated with varying concentrations of cytokines and drugs [3]. Here, we 
describe for the first time the application of the technology to investigate NF-κB signaling events in mixed cell populations
(RPMI8226 cells and a B-cell lymphoblast cell line, 70Z). The ability to analyze nuclear translocation of NF-κB at a single 
cell level enables examination of population heterogeneity, with potential to elucidate effects from subpopulations within the 
whole population. In addition, the microscale dimensions enables studies of samples with low cell numbers, such as those 
obtained from clinical patients. 

MATERIALS AND METHODS 
Microchamber arrays were fabricated in poly(dimethylsiloxane) (PDMS) by multilayer soft lithography methods [3,4] 

and bonded to 3” x 2” glass slides (Figure 1). Three different populations were tested to validate our assay for its ability to 
measure population heterogeneities: (1) 100% CD138+ RPMI8226s, (2) 100% CD138- 70Zs, and (3) a mixed population of
50% RPMI8226s and 50% 70Zs.  

 

 
Figure 1. Microfluidic suspension cell culture system, where each fabricated microdevice consists of an array of independent 
microchambers. Suspension cells are cultured in the central well, and are connected via diffusion ports to side chambers for 
co-culture with other cell types. Passive pumping of dispensed droplets from inlet to outlet is used for cell seeding, drug or 
cytokine treatment, and immunocytochemical staining. 
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RPMI8226s were cultured and maintained in high-glucose DMEM containing 10% FBS and 1% penicillin/streptomycin 

(P/S), while 70Zs were cultured and maintained in RPMI-1640 containing 10% FBS, 1% P/S, and 50 µM β-mercaptoethanol. 
Microchambers containing mixed populations contained a 1:1 mix of the two media types. Cells were seeded and cultured at 
~5,000 cells per microchamber, treated with 10 ng/mL TNF-α for 20 min (or not treated for control), fixed and stained with 
Hoechst 33342 nuclear dye, rabbit polyclonal antibodies for RelA (subunit of NF-κB, Santa Cruz, sc-372, 1:200) bound to 
goat anti-rabbit AlexaFluor 488 (Invitrogen, A11029, 1:400), and mouse monoclonal antibodies for CD138 (RPMI8226 cell 
surface marker, Santa Cruz, sc-65337, 1:50) bound to goat anti-mouse Texas Red (Invitrogen T-862, 1:400). Images of all 
stains (blue=nucleus; green=RelA; red=CD138) were acquired with an inverted fluorescence microscope (Nikon Ti Eclipse), 
and analyzed using custom ImageJ algorithms. CD138 images were used to identify cells as either RPMI8226 or 70Z. 
Hoechst and RelA images were used to produce a binary cytoplasmic mask that was then used to determine fluorescence 
intensities in the cytoplasm and nucleus of each cell. The ratio of nuclear and cytoplasmic signals (i.e., intensity ratio, IR) for 
each cell was calculated, and IR values across whole populations were analyzed to examine response of each population. 
 
RESULTS AND DISCUSSION 

The three different cell populations (pure RPMI8226s, pure 70Zs, and mixed) were cultured, treated with TNF-α, stained 
(Figure 2A-F), and analyzed for nuclear translocation of NF-κB. CD138 was found to be an appropriate cell surface marker 
for distinguishing between RPMI8226s and70Zs. (Figure 2C-D). Using the Hoechst and RelA images, individual IR values 
for the different experimental populations were calculated, and the results were analyzed as IR distributions (Figure 2G). The 
pure population of RPMI8226s (red bars) responded via RelA nuclear translocation to 20 min treatment of 10 ng/mL TNF-α, 
as seen in a shift of the distribution to higher IR values. The pure population of 70Zs (gray bars), as expected, did not 
respond, as seen in the similarity between IR distributions of the treated and untreated populations. Importantly, the mixed 
population (green bars) showed a partial response where a fraction of the population appeared to shift to higher IR values, as 
seen by the subtle bimodality of the distribution for the treated mixed population. When the population averages of the IR 
distributions were calculated and plotted (Figure 2H), the average IR of the TNF-α−treated mixed population was found to be 
clearly higher than the average IR of the pure 70Z population, and lower than the average IR of the pure RPMI8226 
population. Thus, a population-averaged readout would correctly reveal the partial response of the mixed population, but 
would mask the bimodality of the distribution that suggests a role for population heterogeneity. 

 
 

 
Figure 2. Triple immunostaining of cell populations for (A) Hoechst, (B) RelA, and (C) CD138 (images from mixed 
population). (D) Overlay of triple stain shows that CD138 is an appropriate cell surface marker for distinguishing 70Zs and 
RPMI8226s. (E) A binary cytoplasmic mask can be generated by subtracting the nuclear image from the RelA image, 
revealing a cytoplasmic region (black ring) and a nuclear region (white hole) for each cell. (F) The cytoplasmic mask (yellow 
outlines) can be laid over the original RelA image to divide the signal into cytoplasmic and nuclear fractions. (G) IR 
distributions for different treated and untreated cell populations. (H) Average IR values of the distribution in (G). 
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The CD138 image was used to distinguish between RPMI8226s and 70Zs in the mixed populations to measure their 

independent responses to TNF-α treatment (Figure 3). The subpopulation identified as CD138+ RPMI8226 cells responded 
to TNF-α (blue distributions) in a similar manner to the pure RPMI8226 population, while the subpopulation identified as 
CD138- 70Z cells did not respond to TNF-α (yellow distributions), as expected. When the distributions were overlapped, it 
was apparent that the bimodality seen in the total mixed population was attributable to the CD138+ population alone. Thus, 
the CD138 cell surface marker was important to separate the effects of different subpopulations. 
 

 
Figure 3. Treated and untreated mixed populations of RPMI8226s and 70Zs (green, from Figure 2G) analyzed with CD138 
image to distinguish between the two cell types. CD138- distributions (yellow) represented 70Zs only, with no response to 
TNF-α. CD138+ distributions (blue) represented RPMI8226s only, with significant increase in IR value in response to TNF-
α, as seen in the shift of the distribution to higher IR values. Overlapping the distributions showed that the bimodality of the 
total population was primarily due to the CD138+ population. 
 

Because the microfluidic system requires only a micropipette and a fluorescence microscope for operation, it is 
immediately accessible to most biology research laboratories without the need for additional equipment or infrastructure. The 
system is scalable to larger arrays, which can be interfaced with automated liquid handlers if desired [5]. The system can be 
used to study cell-cell communication between adherent and suspension cells in coculture by culturing neighboring cell types 
in the side chambers [3]. Furthermore, because the system is designed for culture of small populations of cells, it is 
appropriate for examining limited samples such as those acquired from clinical patients. Currently, the system is being 
applied to study cell viability and NF-κB signaling of primary patient MM samples upon treatment with various drugs, and to 
examine nuclear translocation of NF-κB essential modulator (NEMO) induced by a DNA damaging agent (etoposide) used in 
chemotherapy. We envision this platform being useful for myriad cell biological questions, but particularly useful in 
translational research of hematologic cancers for examining molecular signaling and population heterogeneity in primary 
samples with extremely low cell numbers. 
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FABRICATION OF A CIRCULAR PDMS MICROCHANNEL TO
CONSTRUCT 3D CULTURE MICROSYSTEM

Jong Seob Choi1, Yunxian Piao1, Tae Seok Seo1
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ABSTRACT
In this study, we described the fabrication method for microfluidic channels with circular-cross sectional geometries 

by reflow phenomenon. The photoresist reflow leads to shape change from rectangular to semicircular, and we optimized 
the reflow conditions by using positive photoresist to form the perfect cylindrical micropatterns. The resultant circular 
micropattern was used as a template for generating PDMS circular microchannels. The channel routes could be easily 
modified for mimicking the vascular network. To generate a 3D endothelial cell layer, we cultured the HUVECs inside 
the PDMS circular microchannels, and monitored the adhesion, proliferation, and alignment of HUVEC to the direction 
of the microchannel. 
 
KEYWORDS
Polydimethylsiloxane (PDMS), circular microchannels, cell culture, reflow of photoresist, Human umbilical vein 
endothelial cell (HUVEC).  
 
INTRODUCTION

The application of microfabrication technology has expanded from simple biomolecular separation to more 
complicated genomic, proteomic, and cellular analyses.[1] In particular, the ability of microtechnology for precise control 
of time and space in microenvironments provides an excellent platform for cell biology and tissue engineering.[2, 3] 
Microfluidic-based biomimetic devices have demonstrated more reliable and high-throughput drug screening capability 
compared with the conventional static 2-D cell culture system.[4] Research on the construction of an artificial 
microvascular system on a chip is a good example. The microfabrication technology can provide a micro-scale vascular 
system ranging from capillaries to large arteries similar to the organizational complexity of in vivo blood vessel 
architectures. In this study, we demonstrated a simple but efficient fabrication method to provide a circular microchannel 
with a goal of mimicking the microvascular system. 

 
EXPERIMENT

Figure 1 shows the fabrication scheme for the circular microchannels by using soft lithography combined with a 
reflow phenomenon of a thick positive photoresist. A positive photoresist was spin-coated on the Si wafer. To increase 
the height, the photoresist was spin-coated twice to form a double layer of resist (Figure 1(A)). To pattern the rectangular 
shape, the double layered positive photoresist on the Si wafer was exposed to UV-light, post-baked, and developed 
(Figure 1(B)). To form the circular patterns, the rectangular shaped positive photoresist was heated at 105 ˚C for 5 min 
to cause the reflow phenomenon, converting the rectangular shape to a circular shape (Figure 1(C)). A PDMS prepolymer 
and PDMS curing agent, mixed at a volume ratio of 10 : 1, were poured into the convex half-circular photoresist on a Si 
wafer, and cured in an oven (Figure 1(D)). The cured PDMS was then carefully peeled off from the Si wafer, and the 
resultant PDMS microchannel shape was a concave circle (Figure 1(E)). Two half-circular PDMS layers were exposed to 
O2 plasma for 2 min to generate hydroxyl groups and oxygen radicals on the surface, and then permanently bonded to 
produce a nearly perfect circular PDMS microchannel (Fig. 1(F)). The channel dimensions were controlled by tuning the 
thickness of the positive photoresist, and various shaped microchannels, such as straight, S-curve, X-, Y-, and T-shapes, 
were generated through the photomask designs. 

 

 
 
Figure 1.  Fabrication scheme for circular PDMS microchannels by combining soft lithography and reflow phenomenon 
of a thick positive photoresist. 
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HUVECs of passage number 2~4 were cultured and grown in a humidified 5 % CO2 incubator at 37˚C. After 
confluency, the cells were trypsinized with 0.25 % trypsin and 0.05 % EDTA for 3 min, and then concentrated by 
centrifugation and resuspended with the complete medium to adjust the cell concentration to 2 X 106 cell/mL. The 
circular PDMS microfluidic channel (diameter of 250 μm) was sterilized with 70 % ethanol and exposed to UV overnight. 
The surface of the circular microchannel was coated with 0.1 mg/mL fibronectin by incubation at 37˚C for 1 hr. After 
washing with Dulbecco’s phosphate-buffered saline (DPBS), the harvested HUVECs were introduced into the 
microchannel by using a micro-syringe pump with a flow rate of 14 nL/sec. After 10 min incubation in a humidified 5% 
CO2 incubator at 37˚C for cell attachment, the circular PDMS microchannel was turned upside down, and same amounts 
of HUVECs were introduced again. After another incubation period of 2 h for complete and stable cell adhesion inside 
the entire circular microchannel, the chip was immersed in a petridish containing a static media solution, which 
prevented any possibility of cell detachment or bubble formation during the cell culture. 

 
 

 
 
Figure 2.  Primary HUVECs were cultured in various shaped half-circular PDMS microchannels for 3 days and stained 
with phalloidin to image filamentous actins of the cells. (A) straight, (B) curved, (C) T-shape, (D) Y-shape, and (E) 
cross-shape. (F) The cross-sectional fluorescence image of the cultured cells in the half-circular microchannel. Scale 
bars: 100 μm 

 
RESULTS AND DISCUSSION 

We cultured HUVECs inside the half-circular PDMS microchannels, and investigated the alignment and 
morphological response of the endothelial cells. Primary HUVECs were seeded and cultured for 3 days in the straight, 
curved, T-, Y-, and cross patterned microchannels, and then stained with TRITC labeled phalloidin, which specifically 
binds to filamentous actins of the cells. As shown in Figure 2, the HUVECs were cultured and uniformly spread all over 
the fibronectin coated half-circular microchannels, and the cells were well aligned along straight (Figure 2(A)), curved 
(Figure 2(B)), T-shape (Figure 2(C)), Y-shape (Figure 2(D)), and cross-shape (Figure 2(E)) channel patterns, respectively. 
In particular, the filamentous actins of the cells attached on the junction regions of the T- and Y-shape channels showed 
stretchability toward the branches of the channels, suggesting that HUVECs can moderate their fine attachment 
according to the channel routes. The cross-sectional fluorescence image in Figure 2(F) demonstrated that HUVECs are 
well attached to the half-circular channel. 

 

 
 
Figure 3.  HUVEC culture in the complete circular microchannel. (A) Time dependent cell attachment profiles after 
introduction into the fibronectin-coated circular PDMS microchannel. (B) Fluorescence staining images of the 
filamentous actins (top panel), nuclei (middle panel), and a merged image (bottom panel). Scale bars: 100 μm. 
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We bonded the half-circular microchannels with careful alignment to produce a complete circular PDMS 
microchannel, and cultured the HUVECs inside the microchannel. To ensure entire cell coverage, we seeded the cells up 
and down twice in the channel. Phase contrast images showing the progress of cell attachment during 24 h are presented 
in Figure 3(A). The initial round shape of the cells was changed into an elongated morphology after 2 h and the cells then 
gradually spread over the channel surface after 24 h. The fluorescent staining for filamentous actins in Figure 3(B) (top 
panel) revealed filamentous actins aligned along the channel direction, while the nuclei staining (Figure 3(B), middle 
panel) shows a large population of HUVECs occupied the whole channel, indicating successful primary HUVECs culture 
in the circular PDMS microchannel. The cell viability was also confirmed by a live and dead cell assay after 3 day 
culture. 

 

 
 
Figure 4.  Live and dead cell assay of HUVECs cultured in the circular microchannel for 3 days. (A) Green fluorescence 
image for the live cells, and (B) red fluorescence image for the dead cells. (C) Tilted and (D) front view of the 3D z-stack 
image for the live HUVECs that adhered to the entire circular PDMS microchannel. (E) Side view of the top and bottom 
layer of the HUVECs in the microdevice. 

 
As shown in Figure 4(A) (live cell image) and Figure 4(B) (dead cell image), more than 99% of cells were alive even 

after 3 days in the circular channel, suggesting a high possibility of providing an artificial blood vessel based bioassay 
platform. The HUVEC cell coverage on the microchannel was calculated to be about 74 %. To visualize the live HUVEC 
adhesion in the entire conditions of the circular microchannel, we used a z-stack confocal microscopy evaluation. The 
tilted and front images of the 3D z-stack (Figure 4(C) and 4(D)) show that the endothelial cells formed a hollow tube 
structure inside the microchannel. The rotation of the z-stack projection confirmed the circular endothelial cell layer 
along the microchannels. A side view of the top and bottom layers of the microdevice was also visualized, as shown in 
Figure 4(E), displaying uniform cell attachment along the microchannel wall. 

 
CONCLUSION 

We have developed an efficient fabrication method for generating a nearly perfect circular PDMS microchannel to 
mimic the 3D endothelial cell layer system. Our novel approach is based on soft lithography combined with a thick 
photoresist reflow phenomenon. We could tune the diameter of the circular channel as well as the channel routes with 
ease to form the microvascular structure. Furthermore, we successfully cultured the primary HUVEC inside the circular 
PDMS microchannel with 74% coverage, and demonstrated cell alignment along the channel direction and cell viability 
after 3 days. The proposed cell chip for in vivo-like cell culture could provide a more reliable and practical platform than 
the conventional 2D based cell assays in the fields of drug screening and chemical/biological diagnostics. 

 
REFERENCES 

[1] P.A. Auroux, D. Iossifidis, D.R. Reyes, A. Manz, Micro Total Analysis System. 2. Analytical standard operations and 
applications, Anal. Chem. 74, pp. 2637-2652, (2002). 
[2] S. Takayama, E. Ostuni, P. LeDuc, K. Naruse, D.E. Ingber, G.M. Whitesides, Subcellular positioning of small 
molecules, Nature, 411, pp. 1016, (2001). 
[3] E.M. Lucchetta, J.H. Lee, L.A. Fu, N.H. Patel, R.F. Ismagilov, Dynamics of Drosophila embryonic patterning 
network perturbed in space and time using microfluidics, Nature, 434, pp. 1134-1138, (2005). 
[4] P.S. Dittrich, A. Manz, Lab-on-a-chip: microfluidics in drug discovery, Nature Review, 5, pp. 210-218, (2006). 
 

CONTACT 

*Tae Seok Seo  +82-42-350-3933 or seots@kaist.ac.kr 

 487
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ABSTRACT 

A rapid construction process is necessary for building up numerous cell modules into 3D tissues maintaining the 
tissue geometries and initial conditions of cells. We proposed new 3D assembly technique to fabricate a hollow 
tubular tissue structure using by water transfer printing. By utilizing this assembly technique, we discuss the relation 
between 3D transcriptional body of gel matrix and a developed figure of transfer tissue, and perform fabricating on a 
hollow tubular tissue. Appropriately simulation of the 3D environment in which tissues normally develop and 
function is crucial for the engineering in vitro models that can be used for the formation of complex tissues. These 
artificial hollow tubular tissues would be used for drug efficiency evaluation and operative training as in vitro 
simulators. 
 
KEYWORDS 
Multilayered Tissues, Three-dimensional Assembly, Tissue Printing, Alginate Acid, Fibroblast 

 
INTRODUCTION 

Although a recent approach using cell-laden hydrogel matrix does provide ECM [1, 2], a large-scale hollow 
tubular tissue structure has not yet been achieved because of the module size (> 500 μm), uniformity, and throughput 
limitations. Furthermore, a rapid construction process is necessary for building up numerous cell modules into 3D 
tissues maintaining the tissue geometries and initial conditions of cells. Recently, we have proposed a multicellular 
aggregate formation platform [3]. The cellular aggregate formed using this platform has a toroid-like geometry and 
includes a micro-pore that facilitates the supply of the oxygen and growth factors and expels waste products. By 
directed assembly of the toroidal multicellular aggregate, this micro-pore can be used to as a communicated channel 
for vascularization and neurogenesis. However, the assembly technology has a subject and cannot build hollow 
tubular structure rapidly. 

On the other hand, Matsusaki et al, have developed a cell-accumulation technique using highly biocompatible 
nano-films by layer-by-layer (LbL) assembly for the rapid construction of thick layered tissues with a 
well-controlled layer number and thickness [4]. Fabricated multilayered tissue has constructed highly developed 
blood capillary networks (over 1 cm2 of layered tissues) by sandwiching endothelial cells between the layered tissues. 
We proposed new 3D assembly technique to fabricate a hollow tubular tissue structure using water transfer printing 
for the purpose of manipulation of the multilayered tissues. By utilizing this assembly technique, we discuss the 
relation between 3D transcriptional body of gel matrix and a developed figure of transfer tissue, and perform 
fabricating on a hollow tubular tissue. 

 
EXPERIMENT 

Figure 1 shows the design concept of the rapid construction of multilayered tissues on curved substrate by water 
transfer printing. Water transfer printing is used on exterior painting from the auto body to the mobile phone. First, a 
sheet-like multilayered tissue is floated on the water surface and 3D alginate gel matrix is lift up from water to air. A 
multilayered tissue is transferred on a 3D surface by pulling up alginate gel matrix from the water. The transcribed 
multilayered tissue on biodegradable material is returned to the culture medium after fixing. After cultured (24 h), a 
main gel matrix is degraded by using alginate lyase, in order to obtain the multilayered tissue of hollow tubular 
tissue structure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 1: Design concepts of three-dimensional rapid construction of multilayered tissues on curved 
substrate using water transfer printing. 
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Multilayered tissues were made by LBL method. LbL method is a thin film fabrication technique. Using this 
method, we can get uniform thin films on the order of a few nanometers at ordinary temperatures and pressures. The 
films are formed by depositing alternating layers of oppositely charged materials with wash steps in between. In this 
paper, we deposited fibronectin-gelatin (FN-G) nanofilms onto single cell surfaces by this method in order to 
promote cell-cell interactions like natural ECM. Briefly, cells were alternatively immersed with 0.04 mg/ml FN and 
G in 50 mM Tris-HCl (pH = 7.4). After each procedure, the cells were washed with 50 mM Tris-HCl (pH = 7.4) to 
remove unadsorbed polymers. Then the coated cells were seeded to culture device at an appropriate density. As a 
result we can obtain multilayered tissues whose shape corresponding to bottom shape of culture device. The culture 
device in imitation of commercial culture inserts was made by sandwiching 0.4 μm Nucleporemembrane (GE 
Healthcare UK Ltd.) between upper and lower parts.  

Multilayered tissue is transferred to 1 mm diameter glass capillary tube which dip-coated alginate gel (thickness 
of 500μm). So intended multilayered tissue size was determined 10.0-by-6.28 millimeter. Therefore to obtain 50um 
thickness of multilayered tissue, we seeded 1.9 ×106 cells/well of neonatal normal human dermal fibroblasts (NHDF) 
to the culture device. NHDF cells were maintained in DMEM medium supplemented with 10% FBS at 37 °C in a 
humidified 5 % CO2 atmosphere. The constructed multilayered tissue retrieved from membrane after 4days culture. 

 
RESULTS AND DISCUSSION 

To clarify the relationship between 3D transcriptional 
body of gel matrix and a developed figure of transfer 
tissue, we evaluated the degree of circularity, surface 
segmentation, and transcriptional behavior using quasi 
multilayered tissue (Fig. 2). The developed figure of quasi 
multilayered tissue was prepared five patterns; Sphere 1 
and 2, Ellipsoid, Y-shaped structure 1 and 2. The degree 
of circularity, following, was made into the parameter for 
comparing complexity geometry the thought that a round 
shape is the most stable simple form for a multilayered 
tissue. The degree of circularity is given by: 

 
 
 

where S is surface area, L is the nominal perimeter. Table 
1 shows the evaluation of developed figures of quasi 
multilayered tissue. Each degree of circularity of the 
Sphere was 0.2 lower and comparatively complicated 
geometries. High circularity of transfer tissue 
demonstrated excellent transcriptional behavior. These 
results suggested that the geometry of developed figure is 
closely related to cut line and the direction of pull-up. 
Furthermore, we showed that it could assemble in the 
multi-segmentation of part. However, multi-segmentation 
requires reduction of parts for using a cell laden, resulting 
in a time-consuming process. These results indicated that 
the threshold for accurate assembly by water transfer 
printing depends on both circularity and segmentation. 

Figure 3-A) shows microscopic images respectively of 
the transcribed multilayered tissue retrieved from the 
water. The size of the multilayered tissue at this time was 
9.5 mm × 6.0 mm. About 35% of contraction was 
observed from the early stages of cultivation (data not 
shown). It was shown that multilayered tissues were 
uniformly transferred on 3D alginate gel matrix. The 
thickness of the transcribed multilayered tissue was 
observed as 40 µm from Z-stack confocal images (Fig. 
3-B)). Enzymatic degradation by alginate lyase of 
transcribed hydrogel body in a biodegradable gel 
fabricated a channel with predetermined 3D hollow 
tubular structure [5]. The culture device was placed in an 
incubator (37 °C, 5% CO2) for 30 min incubation for 
enzymatic degradation of the hydrogel fiber by alginate 
lyase (4 mg/mL). The multilayered tissue of hollow 
tubular structure was capable of connecting both ends 
with the tube pump and transporting the culture media  

2/4ycircularit of degree LS

Figure 2: Relationship between 3D transcriptional 
body of gel matrix and a developed figure of transfer 
tissue. Evaluation of transcription efficacy by the 
degree of circularity, surface segmentation, and 
transcriptional behavior using quasi multilayered 
tissue. 

Table 1: Evaluation of developed figures of quasi 
multilayered tissue. 
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(Fig. 3-C)). Appropriately simulation of the 3D environment in which tissues normally develop and function is 
crucial for the engineering in vitro models that can be used for the formation of complex tissues. These artificial 
hollow tubular tissues would be used for drug efficiency evaluation and operative training as in vitro simulators. 

 
CONCLUSION 

Recent trends in tissue engineering have aimed at simulating the physiological environment in vitro. We 
proposed new 3D assembly techniques to fabricate a hollow tissue construct using by water transfer printing. And it 
enabled assembling three-dimensional multilayered tissues to curved surface easily. Also we discussed optimum 
geometry of development figures. Finally, we succeeded in assembling three-dimensional multilayered tissue into 
tubular construct by this method. The tissue consists of neonatal normal human dermal fibroblasts (NHDF). These 
artificial hollow tissues would be used for drug efficiency evaluation and operative training as in vitro simulators. 
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Figure 3: Transcribed multilayered tissue of hollow tubular structure using by water transfer printing. 
Enzymatic degradation by alginate lyase of transcribed hydrogel body in a biodegradable gel fabricated 
a channel with predetermined 3D hollow tubular structure. 
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Figure 1: Quantitating shear stress effects with a parallel 
array microfluidic device. A. When limited to a single 
pumping setup, data collection in single-channel µBBB 
devices [1,2] is limited to a single flow-rate and resultant 
shear stress per experiment. With a parallel array of 
varying-width channels, TEER effects of multiple shear 
stress levels can be quantitated per experiment, allowing 
more high-throughput data collection. B. Cellular 
Mechanotransduction. When endothelial cells in the 
channel are exposed to shear stress, membrane-bound 
integrins and kinases activate various molecular pathways 
[4], leading to increases in tight junction expression [5]
and cytoskeletal reorganization [7]. These factors are 
often seen to influence barrier function, leading to 
increased TEER and decreased permeability.

A PARALLEL ARRAY MICROFLUIDIC BLOOD-BRAIN BARRIER 
MODEL FOR HIGH-THROUGHPUT QUANTITATION 

OF SHEAR STRESS EFFECTS
Ross H Booth1 and Hanseup Kim2

1Electrical and Computer Engineering, 2Bioengineering
University of Utah, Salt Lake City, UT

ABSTRACT
In response to demand for innovative in vitro models for central nervous system disease and treatment we previously 

reported the microfluidic blood-brain barrier (µBBB). To further investigate shear stress, a key factor distinguishing the 
µBBB from traditional models, we substituted the top channel with independently monitored channel arrays to aid in
high-throughput analysis. Optimal trans-endothelial electrical resistance (TEER) of 345Ωcm2 was achieved in channels 
exposed to shear stress in the range of 0.6-1.2dyn/cm2, while decreased permeabilities of fluorescent tracers were seen at 
1.17dyn/cm2 compared to 0.078dyn/cm2, with an average decrease of 2e-6cm/s, indicating optimal flow conditions for 
subsequent µBBB studies.

KEYWORDS
Microfluidic, blood-brain barrier, shear stress, multi-plexed, parallel array, trans-endothelial electrical resistance, 

µBBB, endothelial cells, astrocytes, permeability

INTRODUCTION
Due to its prevalent role in drug development and 

disease progression, innovative approaches to modeling 
the blood-brain barrier (BBB) in vitro are in high demand. 
The validity of an in vitro model is dependent on how 
closely it mimics properties of the in vivo environment,
and a key physiological component missing in traditional 
BBB models is the presence of shear stress [3]. To 
address this, we previously developed the first 
microfluidic BBB model, the µBBB, to include dynamic 
flow across membrane-bound BBB co-cultures [6].
However, model performance has not yet been 
characterized at specific shear stress rates, and optimal 
flow conditions for the model have not yet been reported.

Shear stress has a mechanotransductive effect on a 
myriad of endothelial molecular pathways via activation 
of membrane-bound receptors including integrins and 
receptor tyrosine kinases [4]. These pathways promote
increased gene and protein expression leading to
production of tight junction proteins such as ZO-1 [5],
and modulate cytoskeletal structure promoting cell 
reorientation and restructuring [7], factors known to
influence barrier function in the BBB. Physiologically 
relevant vascular shear stress rates vary significantly 
depending primarily on vessel size (1-60 dyn/cm2), so it is 
necessary to investigate a wide range of applied shear 
stress rates for development of an effective 
cerebrovascular model. High-throughput quantitation of 
shear stress effects on µBBB TEER levels is feasible with 
employment of parallel arrays (Fig 1).

To quantitate changes in barrier integrity, we
developed a modified µBBB system comprising parallel
arrays of channels with varying widths using similar 
fabrication and testing methods as previous [2]. Channel 
dimensions were designed to promote a significant
variance between the fastest and slowest channel 
velocities to maximize the range of values for each 
experiment. This range variance was 7x for the single-
stage (4-channel), and 60x for the multi-stage (12-
channel) device, effectively demonstrating feasibility.
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Figure 3: Device fabrication. A. Channel cross-section. 
Au/Ag/AgCl TEER electrodes were fabricated on a glass 
substrate, which was embedded into PDMS layers cured 
over SU-8 replica molds. Polycarbonate membranes 
were bonded between top and bottom layers to serve as 
the co-culture surface. B. Electrode arrays are displayed 
in the finished device. C. Parallel channels (blue) cross a 
common 4mm wide channel (red). Electrodes were 
omitted for imaging purposes. 

PRINCIPLE AND FABRICATION 
Top channels were designed to distribute approximately 

the same flow-rate through each channel by splitting at 
equally small widths (200 µm) and widening to varying 
widths as they cross the bottom channel (Fig 2). Flow 
distributions and shear stress calculations were determined 
by Comsol flow simulations and velocity measurements by 
dye tracking. A glass electrode layer was designed to 
provide each channel with an independent set of TEER 
electrodes for measurement of endothelial cell integrity.

To fabricate the device (Fig 3), similar methods were 
used to the single-channel µBBB [2]. A glass substrate was 
sputtered with Cr/Au/Ag (20/80/800nm), patterned using 
liftoff lithography (LOR-10B photoresist), and the silver 
surface was chlorinated with 30mM FeCl3 for 50s. Channel 
molds were patterned with SU-8 2075 (100 µm thick) on a 
silicon substrate, and PDMS was cast with glass electrode 
layers embedded at the base and cured overnight (60ºC). 
Polycarbonate sheets (0.4µm pores, 10µm thick) were cut 
from transwells (Corning) and bonded between channel 
layers with spin-coated 50:50 PDMS pre-polymer:toluene
as described [8]. Marprene or silicone tubing (0.25mm,
0.38mm) was sealed (DC734) to input holes, and tubing 
was loaded in a 205S cartridge pump (Watson-Marlow).

To further expand the range of shear stresses achievable
within a single chip, a multi-stage split-channel design was 
developed using the same methods just described (Fig 4).
In the expanded device, flow is split in two additional 
stages to three sets of parallel arrays, effectively increasing 
the applied shear stress range by an order of magnitude 
compared to the single-stage model, from 7x to 60x.

EXPERIMENTAL
Devices were sterilized with 70% ethanol, and the 

membranes were coated with 10 µg/mL poly-D-lysine for 
6h on the underside, and 10 µg/mL fibronectin + 10 µg/mL 
collagen IV for 2h on the topside. Mouse astrocyte cell line 
C8D1A was seeded in the bottom channel at 6e4 cells/cm2,
inverted and allowed to attach for 2h. After 2D, brain 
endothelial cell line b.End3 was seeded in the parallel 
channels at 6e4 cells/cm2 and allowed to attach for 2h.
Completed DMEM:F12 growth medium was circulated at
near-static flow-rates overnight, subsequently followed by 
experimental flow-rates. TEER values were measured with 
an EVOM2 (WPI). In single-channel µBBB chips, fluxes of
the following fluorescent tracers were measured across the 
membrane after D3: FITC-dextrans 4kD, 20kD, & 70kD,
propidium iodide, and FITC-conjugated G4 dendrimers [9].
Permeability coefficients were calculated as described [10].

RESULTS AND DISCUSSION
Measured TEER levels (Fig 5) for BBB co-cultures where endothelial cells were exposed to shear stress ranging from 

0.6-1.2 dyn/cm2 were significantly higher than those under 0.2 dyn/cm2, as well as those over 1.2 dyn/cm2 with a notable 
drop-off for those over 2 dyn/cm2. This suggests that physiologically optimal flow conditions for µBBB studies lie within 
the range of 0.6-1.2 dyn/cm2. Permeability testing was done in single-channel µBBB chips at the high end of the optimal 
TEER dataset (1.17 dyn/cm2) and compared to the lower end shear stress rate (0.078 dyn/cm2). Permeabilities of 
fluorescent tracers through single-channel µBBBs were significantly lower at higher stress rates (Fig 6), in agreement 
with the TEER data. These improvements in barrier function over near-static flow conditions can be explained by 
mechanotransductive effects on cellular physiology [5,7,11], while the TEER drop-off at higher levels may be due to 
practical limitations of cell adhesion to the membrane. Though the mechanism of these differences in barrier function 
need to be investigated further, these results indicate that optimal barrier function in the µBBB  is achieved at shear stress
of 1.2dyn/cm2, which falls into the approximate range of in vivo shear stresses (1-60 dyn/cm2) [11].

Figure 2: 4-Channel array design. Culturing endothelial 
cells in the 4-channel µBBB with varying channel widths 
allows simultaneous collection of 4 data sets. Individual 
channel widths, relative average velocity magnitudes, 
percent total flow distributions between channels, and 
relative shear stress flow distributions are displayed. 
Flow dynamics were modeled with Comsol simulations
and measured visually with dye tracking. Shear stresses 
were calculated using the displayed equation, where Q is 
flow, µ is viscosity (0.012dyn·s/cm2 for complete 
DMEM/F12), and h & w are channel height (100µm) & 
width, respectively. 
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Figure 5: Day 3 TEER at varying shear stress 
rates TEER at varying stress rates indicate 
optimal barrier integrity for µBBB channels 
in the range of 0.6-1.2 dyn/cm2. All 
conditions, n>3.
 

Figure 4: Expanded multi-staged split-channel design. A. A 60x 
range variance was achieved by unevenly dividing flow via split-
stages to three parallel arrays in combination. Flowrates determined 
by Comsol and visual dye tracking. B. Top channels displayed with 
red dye, currently being displaced by blue dye. C. Electrode arrays 
were embedded in the channel layer in fully assembled device (D).

Figure 6: Permeabilities at distinct shear 
stress rates. A. Permeabilities of fluoro-
tagged tracers were lower at 1.17dyn/cm2

(optimal TEER range) than at 0.078dyn/cm2

(near-static). B. Permeability of PAMAM 
Dendrimer drug carriers (G4, FITC-tagged) 
also show a significant decrease from
1.17dyn/cm2 shear stress. All conditions, n>3.
 

CONCLUSION
This report demonstrates the validity of using a multi-plexed 

parallel array of channels of varying widths to generate varying shear 
stress rates within a single device as a high-throughput method of data 
collection. For the application of optimization of µBBB flow 
conditions, the device gave results indicating an optimal shear stress 
range of 0.6-1.2 dyn/cm2 for optimal barrier function. Though the 
precise mechanisms of this improvement in barrier function remain 
unclear and warrant further investigation, future studies using the 
µBBB to study BBB function and predict drug permeabilities, shear 
stress of 1.2 dyn/cm2 will be used as a standard flow condition.
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ABSTRACT 
    Different patterns on Ti substrate which mimic the extracellular matrix (ECM) and cell morphology were 
designed to study the interaction of fibroblast (L929) and bacteria (Porphyromonas gingivalis) on the surface in vitro 
system. Patterned titanium samples were prepared by chlorine DRIE (Deep Reactive Ion Etch) to obtain expected 
microstructures. Patterned titanium samples were seeded with L929 and P. gingivalis for a period of 1-4days. It was 
revealed that the cell adhesion rates were more than doubled with promoted cell proliferation on the ECM-mimicked 
titanium surfaces. In addition, the bacterial adherence rates were greatly reduced on ECM surface. The bio-inspired 
titanium interface provides an excellent solution for soft tissue regeneration around the dental abutment. 
KEYWORDS 
Titanium; Surface topography; ECM; Cell adhesion; Bacteria adhesion; 
 
INTRODUCTION
The excellent biocompatibility of titanium for interfacial bone formation makes it a prevailed material in clinical 
dental implantations; nevertheless, soft tissue regeneration around the dental abutment remains a hassle in clinical 
therapy. To solve this problems, reports have been concentrated on embellishing dental implant surfaces with 
microscale topographies [1]: simple patterns, i.e. micro-groove, island and holes have been explored for a better cell 
growth environment[2]. There are many method to fabricate these microscale patterns on titanium, such as 
sandblasted, acid-etched, sandblasted combined with acid-etched and micro-arc oxidation. However, none of them 
are able to produce complicated microscale topographies on titanium surface in a well controlled way. 
The nature’s intrigue plans to create structures from nano-micro to mesoscale inspired researchers to design artificial 
object with novel and extra ordinary properties. The extracellular matrix (ECM) have been reported to affect the cell 
growth, however, ECM mimics on dental implants surface are rare for the limitation of titanium fabrication 
technologies. Recent developments of titanium DRIE offers a new way of interacting with relevant medical 
processes. High-aspect-ration grooves with arbitrary patterns can be generated on titanium substrate with an 
accuracy of 1μm with a vertical sidewall profile.[3] 
This paper reports on the design, fabrication and characterization of several bio-inspired titanium interfaces. 
Specifically, ECM mimicked topographies have been realized and compared with micro-groove and cell morphology 
mimicked patterns. The fibroblast short-term adhesion, proliferation assays and bacterial adhesion experiments are 
carried out to evaluate the surface bio-activities.  
EXPERIMENT 
The gaps between the fibers are from hundreds of nanometer to micro meters wide and are not-uniform arranged. In 
this consideration, different patterns imitating the extracellular matrix(ECM, ECM2) were designed as well as those 
following cell morphology(Cell1~Cell4). Parallel micro groove pattern(T) and smooth surface(C) were also 
fabricated for comparison, as shown in Fig.1. The width of the ECM type patterns varied from 5μm to 100μm and 
two cell morphologies were designed of different sizes. According to the Hansson’s hypothesis, the best 
topographies on the surface is 1.5μm deep when the patterns is 3~5um wide[4], the depth of the groove was set to 
2μm. 

 
Figure.1: (T) represented traditional regular groove with width of 5µm; (ECM1) represented non-uniform and 
parallel groove with width of 5-100µm; (ECM2) represented non-uniform and interaction groove with width of 

5-100µm; (Cell1,Cell2) represented uniform and interaction groove with length of 30µm and width of 
6µm(Cell1),length of 15µm and width of 3µm(Cell2); (Cell3,Cell4) represented uniform and interaction groove with 

length of 20µm and width of 3µm(Cell3), length of 40µm and width of 6µm(Cell4). 
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Fabrication starts with a 4’ 400μm thick chemical pure(99.99%) Titanium wafer provided by Xi’An Catalyst 
Chemical Inc. Both sides of the wafer are chemical mechanical polished. Surface roughness(Ra) was 91.17±5.57 
within the range of 0.4µm, which was the preferred surface for implant[5]. The titanium wafer was cleaned with 
ultrasonic agitation for 5min each in acetone, 2-propanol and de-ionized(DI) water and blown dry with nitrogen. 
Then, the wafer was baked on hotplate at 150°C about 15min (Fig2.a). 
SU-8 photo resist was employed as the etch mask, which could be easily removed without any residue. SU-8 photo 
resist(PR) of 6μm was deposited on the titanium wafer and patterned by UV photolithography(Fig2.b). After that, 
titanium is patterned by anisotropic ICP etching of titanium with SU-8 as the mask(Fig2.c). ICP etching was carried 
out in the STS Multiplex ICP etcher, Cl2 was employed as the etching agent. The etching parameters were set: 400W 
ICP coil power, 100W platen power, 60sccm Cl2 flow rate, 3mT chamber pressure. The etch rate of Ti was 
0.7μm/min, while the etch rate of SU-8 PR was 0.56μm/min. The SU8(Fig2.d) were stripped in fuming nitric acid, 
followed by immersing in ultrasonic agitation for 5min each in acetone, 2-propanol and de-ionized(DI) water. Finally, 
chips (3mm*3mm) were cut by laser machining. 

 
Figure.2 fabrication process of patterned titanium samples:(a)Wafer preparation (b)SU-8 Patterning (c) Titanium 

DRIE (d) SU-8 stripping 

 
Figure.3: AFM of patterned titanium samples: (C) smooth surface, the control group (T) represented traditional 

regular groove with width of 5µm; (ECM2)represented non-uniform and interaction groove with width of 5-100µm; 
(Cell1) : represented uniform and interaction groove with length of 40µm and width of 6µm. 

The patterned titanium samples were seeded with fibroblast (L929) and bacteria (Porphyromonas gingivalis) 
respectively for a period of 1-4days. A cell-counting kit was used for the measurement of L929 adhesion in 4hr and 
proliferation in 4 days, based on CCK-8 measure method. Samples seeded with P. gingivalis were incubated for 6 hr 
at 37°C under anaerobic condition. The number of adhered P. gingivalis was evaluated using a colorimetric 
microbial viability assay kit (Microbial Viability Assay Kit-WST). L929 were seeded for a period of 24hr to observe 
its attachment on different micro-groove surface by scan electron microscope (SEM). As shown in Fig.4, L929 were 
well attached on all surface and cells followed the patterned grooves in terms of shape and orientation. 

 
Figure.4: Microscale topography - cell interactions. (C),(ECM2),(Cell1),(Cell3) Mag(1000×) image of adherent cell, 
and (T),(ECM1),(Cell1-1),(Cell3-1) represent Mag(4000×) images of the same adherent cell. (C)represented control 

group - smooth titanium; (T)represented traditional regular groove patterns. 
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The effects of different micro-groove surfaces on the attachment and proliferation of fibroblast were shown in Fig.5. 
The cell numbers were detected with the cell counting kit-8. This indicated that the bio-mimic patterns greatly 
promoted fibroblast adhesion. Compared with the uniform parallel groove pattern and smooth surface, the 
non-uniform topographies(Fig.1 ECM1, ECM2), which were mimicking the extracellular matrix, also conducive to 
cell proliferation. However, the cell like designs didn't promote cell proliferation. Particularly, the Cell3 pattern, 
which morphology was similar to the shape of L929, had a negative impact on L929 proliferation, although cell 
adhesion was significantly favored. 
The bacteria numbers were tested with Microbial Viability Assay Kit-WST. As shown in Fig.6, there was no 
significant change with Cell2, Cell4 and C group(p<0.005), while others were apparently lower. It is concluded that 
the bacterial adherence rates were greatly reduced on ECM like surfaces. 

C T ECM1 ECM2 Cell1 Cell2 Cell3 Cell4C T ECM1 ECM2 Cell1 Cell2 Cell3 Cell4

 
Figure.5. Influence of different micro-groove surfaces on attachment and proliferation of L929 cells(p<0.005), 

Values of 4 hour’s adhesion on patterned Ti surfaces were significantly higher than the control group, as tested by 
ANOVA. values of 4day’s proliferation ECM1, ECM2 were higher and Cell3 was lower than C (the control group). 

C T ECM1 ECM2 Cell1 Cell2 Cell3 Cell4C T ECM1 ECM2 Cell1 Cell2 Cell3 Cell4

 
Figure.6.Influence of different micro-groove surfaces on attachment of Porphyromonas gingivalis(p<0.005). 

Compared with the uniform groove patterns, enhanced cell activity and reduced bacterial adherence were revealed 
on the ECM-mimicked topographies, which are favored for soft tissue regeneration around the dental abutment. 
While reports showed that surfaces that stimulate desirable mammalian cell adhesion, spreading, and proliferation 
also enable microbial colonization[1][6], none of these bionic topographies boosted bacterial adhesion, which lead to 
lower occurrence of peri-implant inflammation. Learning lessons from efficient natural processes to design titanium 
surface topography for soft tissue regeneration, mimicking natural phenomena could revolutionize the surface 
modification of medical implants. 
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ANALYSIS OF TRAPPING AND STREAMING IN AN ULTRASOUND-
ACTUATED MULTI-WELL MICROPLATE FOR SINGLE-CELL STUDIES 

M. Ohlin*, A.E. Christakou, T. Frisk, B. Önfelt and M. Wiklund 
Dept. of Applied Physics, Royal Institute of Technology, SWEDEN  

 
ABSTRACT 

The dynamics of the acoustic streaming and the acoustic positioning performance in an ultrasound-actuated multi-
well microplate are investigated by two different ultrasonic frequency actuation schemes: Frequency-modulation and sin-
gle-frequency actuation. Our results show a significant decrease in size of the field of view when using frequency-
modulation compared to single-frequency actuation, which can be used for improving the scanning time for 3D high-
resolution confocal microscopy by almost one order of magnitude. Furthermore, in the ultrasound-actuated multi-well 
microplate the high-voltage acoustic streaming show a complex time and temperature dependence and could gain stabil-
ity by the use of temperature control.  
 
KEYWORDS  
Ultrasound, acoustic streaming, positioning, microscopy, multi-well, microplate.    
 
INTRODUCTION 

We analyze the dynamics of acoustic streaming in a novel ultrasound ring-transducer microplate designed for parallel 
aggregation and positioning of cells. Furthermore, we quantify the positioning accuracy of cell and particle clusters at 
single-frequency and frequency-modulation actuation. 

We have previously described a gentle method for measuring individual cell-cell interactions in a highly parallel 
manner, based on ultrasonic trapping of cells in a multi-well microplate [1]. This device has been used for imaging the 
immune synapses formed between natural killer cells and target (cancer) cells [2]. Moreover, we have demonstrated that 
acoustic streaming – an effect that often limits the trapping performance – could be suppressed by frequency-modulation 
ultrasonic actuation (without affecting the cell trapping performance), compared with single-frequency actuation [3]. 
However, when our device is operated at higher amplitudes the repeatability and robustness of our method is reduced. 

Therefore, in this paper we analyze the dynamics of cell or particle trapping and fluid streaming for various actuation 
frequencies and voltages using the novel planar ring-transducer. The purpose is to improve the robustness and efficiency 
of the device, and to calibrate our method for small microscopy field-of-view (FOV). This is done by studying the parti-
cle and fluid tracks at high-voltage actuation (up to 200 Vpp), and by measuring the positioning accuracy of particle clus-
ters for actuation frequencies between 2.2 and 2.4 MHz. In addition, we measure the dependence of acoustic streaming 
on temperature and actuation time. 
 
THEORY   

Manipulation of cells or particles using ultrasound is based on the acoustic radiation force, Frad. In the simple case of 
a one-dimensional standing-wave system, the acoustic radiation force can be written as [4]: 

  2kzsinEka4F ac
3rad

z   .      (1) 

Here, z is the propagation direction, Φ is the acoustic contrast factor dependent on the density ratio between particle 
(or cell) and suspension medium and the compressibility ratio between particle (or cell) and the suspension medium. Fur-
thermore, k is the wavenumber, a is the particle or cell radius and Eac is the acoustic energy density proportional to the 
acoustic pressure amplitude squared. For example, in the ultrasound actuated multi-well microplate the maximum acous-
tic radiation forces vary from 10 to 60 pN.   
 
EXPERIMENTAL 

A schematic view of the device is shown in Fig. 1 a). The device consists of the concave-shaped multi-well micro-
plate being fixated to the ring-shaped PZT piezo crystal by the variable spring-loaded holder. To visualize the acoustic 
trapping, 10 µm-sized green-fluorescent polystyrene particles were used and the acoustic streaming was visualized by 1 
µm-sized red-fluorescent polystyrene particles. Both particle types were mixed with Milli-Q water and 0.01% Tween-20, 
yielding a concentration of 9.1 × 104 beads per mL and 3.6 × 108 beads per mL for the 10 µm and 1 µm-sized particle, 
respectively. Two types of microscope systems were used: an inverted bright-field microscope in epi-fluorescent mode 
combined with a video camera for acoustic streaming imaging, and an inverted laser-scanning confocal microscope for 
acoustic trapping performance imaging. The acquired images and videos from the microscopes were processed and ana-
lyzed with Matlab image processing toolbox and the free particle image velocimetry (PIV) toolbox [5].    
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Figure 1: (a) Schematic view of the device (ultrasound transducer and multiwell microplate). (1) Springs. (2) Aluminum 
clip. (3) Polymethyl methacrylate (PMMA) spacer. (4) Cover glass. (5) Micro coaxial (MCX) connector (6) PDMS frame. 
(7) Multiwell microplate. (8) Ring-shaped PZT piezo crystal. (9) Aluminum baseplate. (b) Trapping result with 10 µm-
sized tracer particles in all 100 wells for frequency-modulation (2.30 MHz ± 100 kHz @ 1 kHz, 50 Vpp, white) and single-
frequency (2.20, 2.23, 2.26, 2.29, 2.30, 2.33, 2.36, 2.39, and 2.40 MHz, 50 Vpp, superposition of all frequencies shown in 
red) actuation. 
 
RESULTS AND DISCUSSION 

The microscope image in Fig. 1 b) show the trapping result of single-frequency (SF) actuation compared to frequen-
cy-modulation (FM) actuation. The device utilizes a new planar ring-transducer of simpler and more uniform geometry 
(cf. Fig. 1), compared to our previously used wedge transducer [1-3]. A more detailed analysis of the shape and the posi-
tion of few-particle clusters trapped at different single frequencies, as well as at frequency-modulation actuation, are 
shown in Fig. 2. On average, FM actuation decreases the FOV of the microscope to merely 13 % of the corresponding 
FOVs when using SF actuation. Fig. 3 shows the initial (first second) streaming and trapping pattern for 1 µm and 10 µm 
particles, respectively, at 206 Vpp FM actuation. Fig. 4 shows the mean streaming speed and the temperature during the 
first 5 min of constant 206 Vpp FM actuation as well as the acoustic streaming above and at the bottom of 10 different 
wells. In contrast to the direct trapping performance at FM actuation, the diagrams reveal a complex dependence of the 
acoustic streaming on the temperature. Further complexity is added because of the slow clustering of the 1 µm particles 
(see Fig. 4 (b-c)) used for fluid tracking, an effect that may affect the acoustic streaming and, in turn, the positioning per-
formance of cells or 10 µm particles. Thus, care must be taken when interpreting PIV-data generated from 1 µm particles.   

 
Figure 2: Positioning accuracy as a function of field of view for SF actuation (a-i, blue clusters) and for FM actuation 
(2.30 MHz ± 100 kHz @ 1 kHz, 50 Vpp, green clusters). For each frequency (a-i), 10 selected wells are superimposed in-
to a single well. The two squares in each frequency (a-i) indicate the minimum well-centered FOV needed to cover all 
clusters under FM actuation (red) and SF actuation (yellow). Under each well the FOV ratio for FM and SF actuation is 
given in percent. 
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Figure 3: Particle image velocimetry plot (black arrows) in one selected well, showing the initial acoustic streaming dur-
ing the first second of frequency-modulated actuation. Superimposed onto the PIV plot is the particle-tracking of the 10 
µm particles (colored circles) showing the particle paths as they are being trapped by the acoustic radiation force. 
 

 
Figure 4: Temperature and time dependence of the acoustic streaming speed under FM actuation (2.36 MHz ± 200 kHz 
@ 1 kHz, 206 Vpp). (a) The PZT piezo surface temperature during the 5 min long experiment is shown in red and the av-
erage acoustic streaming speed of 1 µm tracer particles measured by average truncated PIV is shown in blue. (b-c) 
Overlays showing the acoustic streaming patterns at the entrance (b) and at the bottom (c) for 10 different wells. The yel-
low areas in (b-c) are clusters of 1 µm particles slowly being aggregated. 
 
CONCLUSION 

Our results show that the scanning time of 3D confocal microscopy during high-resolution imaging of the immune 
synapse (cf. Ref. 2) can be decreased almost one order of magnitude with frequency-modulation actuation compared to 
single-frequency actuation due to significant decrease of the FOV, and that temperature control is important for stabiliz-
ing acoustic streaming at high-voltage actuation. 
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UNIFORM AND HIGH THROUGHPUT AGAROSE GEL MICRO DROPLET 
GENERATION DEVICE FOR SINGLE CELL ANALYSIS

T. Hirose1, Y. Hoshino2, D. H. Yoon1, A. Nakahara1, T. Mori2,
T. Sekiguchi3, H. Takeyama2 and S. Shoji1

1 Major in Nanoscience and Nanoengineering, Waseda University, Japan
2 Department of Life Science and Medical Bioscience, Waseda University, Japan

3 Nanotechnology Research Center, Waseda University, Japan 
 
ABSTRACT

We designed and fabricated high throughput agarose gel micro droplet (GMD) generation device for single cell 
function analysis. Temperature control of each elements of the device is important issue because of the thermo-oriented 
sol-gel transfer of agarose gel. Uniform GMD of 50 μm in diameter which is suitable size for cell culturing media is 
achieved with size deviation less than 1.58% and generation rate of about 190deoplets/sec. Single E.coli cell 
encapsulation and cultivation for 5 hours are successfully achieved in an agarose GMD. 
 
KEYWORDS

Microfluidic, Agarose Gel, E.coli, Gel Micro Droplet (GMD) 
 

INTRODUCTION
Microfluidic devices for single cell analysis have been reported and evaluated in recent years. [1] However, some 

problems remain in actual use, for example, cell adhesion to channel wall and diffusion of cell products during 
handling. Encapsulating cell method in a spherical gel micro droplet is useful for efficient single cell analysis. (Figure 
1) Microfluidic systems for single-cell analysis using larger cells (mammalian, yeast etc.) have been introduced. 
However the encapsulation of bacteria at the single cell level is still a challenge. [2] Uniform and high throughput 
GMD generation has been requested for this purpose. For cell cultivation media, agarose gell is a suitable material but 
uniform droplet generation was not realized yet in a micro fluidic device. For cell analysis, GMD of about 50 μm is one 
of the optimum sizes in actual use. Once agarose gel changes sol state at about 80 degree C, agarose gel keeps sol state 
even about 30 degree C. (Figure 2) If a living cell is encapsulated in GMD, the temperature during GMD formation 
should be at less than certain temperature; less than 45 degree C in the case of E.coli. The precise temperature control 
of droplet generation zone is critical issue of the micro flow device.  

 

 
Figure 1. Advantage of single cell encapsulation in GMD 

Figure 2. Chart of requested temperature range for cell include agarose GMD generation 
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DEVICE FABRICATION 

Figure 3 shows the device design. There are two inlet channels to introduce sample and carrier respectively and one 
outlet channel. The sample inlet channel has long and winding structure having a heater underneath to keep it in certain 
temperature. A cross-junction of the sample and the carriers are used for droplet generation. The device was fabricated 
by polydimethylsiloxane (PDMS) using a SU-8 mold. The mold structure which has a height of 50 μm was patterned 
on a glass substrate (49 mm: 40 mm) by spinning SU-8 (SU-8 3050, MicroChem) photoresist and photolithography. 
The PDMS is bonded to the glass substrate coated with PDMS after O2 plasma treatment. 
 
 

 
 

Figure 3. Schematic of device design (sample inlet and carrier inlet channel width: 400m, cross-junction channel width: 

30m and 50 m, outlet channel width: 100 m, channel height: 50m) 
 
 
EVALUATION OF GMD GENERATION 

In order to evaluate GMD generation, we use 1.0% agarose (UltraPure L.M.P. Agarose, Invitrogen) and mineral oil 
(SIGMA) includes 3.0% (v/v) nonionic surfactant Span80 (SIGMA) as a sample and carrier respectively. The sample 
and carrier were introduced into the channel by using syringe pumps (Model 210, KD Scientific).  

First, the device was used at room temperature (less than 25 degree C) without a heater. Without temperature 
control, agarose was gelled in microchannel and change its viscosity. This causes turbulent flow and the droplet size is 
not uniform (Figure 4(a)). Then, the device was heated at the optimum temperature with a heater. Under optimum 
temperature control, stable generation of 50 m diameter agarose GMD is achieved (Figure 4(b)). In addition, use of 
surfactant included oil as carrier prevents GMD fusion at the GMD collection part (Figure 5). The generation rate of 
GMD is about 190/sec and the size deviation is smaller than 1.58%. By heating the device, stability and uniformity of 
agarose GMD generation is increased. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

(b) (a) 

Figure 4. Result of agarose GMD generation (sample flow rate: 1.0l/min, 

carrier flow rate: 1.5l/min) (a) Image of turbulent flow without 

temperature control (b) Image of uniform agarose GMD generation with 

temperature control 

Figure 5. Image of collection part of 

agarose GMD 

 501



SINGLE CELL ENCAPSULATION 

To encapsulate single cell in an agarose GMD, we use 1.0% agarose includes E.coli cells as a sample. We 
demonstrated encapsulation and cultivation of E.coli cell expressing green fluorescence protein (GFP) in agarose 
GMD.  

E.coli cells were cultured overnight at 37 degree C and added to the agarose prior to GMD generation. Single E.coli 
cell was encapsulated in an agarose GMD, and was cultivated with shaking in Luria-Bertani (LB) medium at 37 degree 
C. Figure 6 shows growth of GFP expressing E.coli in agarose GMD after 3 hours (a) and 5 hours (b). This result 
shows that agarose GMD can be used for cell cultivation and successive cell functional analysis. 
  
 

 
 

Figure 6. Images of E.coli in agarose GMD after (a) 3 hours and (b) 5 hours cultivation 

(bright field (BF) and gfp fluorescence (GFP)) 

 
CONCLUSIONS 

Using the proposed micro fluidic system, we achieved uniform and high throughput agarose GMD generation with 
size deviation less than 1.58% and generation rate of about 190deoplets/sec. Single E.coli cell encapsulation and 
cultivation for 5 hours are successfully achieved in an agarose GMD. 

This uniform and high throughput agarose GMD generation device can be applicable for other practical single cell 
analysis by optimizing the channel structures and temperature control. 
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MICRODEVICE FOR STUDYING  
INTERCELLULAR MECHANICAL TRANSDUCTION 

Q. Wang and Y. Zhao* 
Department of Biomedical Engineering, The Ohio State University, USA 

ABSTRACT 
This work reports the development of a polydimethylsiloxane (PDMS) microdevice for intercellular mechanical 

transduction study. Uni-axial strain with spatial gradient was generated by deforming a rectangular PDMS membrane. The 
strain distribution was experimentally measured. NIH 3T3 fibroblasts are cultured on the membrane and subjected to cyclic 
loading. Remarkable cell reorientation is observed in different strain regions. Analysis shows that cell morphological change 
in low strain region is due to intercellular mechanical transduction with the cells in the neighboring high strain region. 
Intercellular mechanical transduction can thus be quantitatively assessed. 

KEYWORDS: Intercellular mechanical transduction, Biomedical microdevice, PDMS 

INTRODUCTION
Cellular mechanotransduction refers to the process that cells transduce mechanical signals into biochemical responses. In 

a multicellular system, intercellular mechanical transduction allows neighboring cells to communicate with each other, and to 
coordinate their physiological activities. In order to investigate intercellular mechanical interaction, heterogeneous 
mechanical signal such as mechanical strain with spatially different magnitudes needs to be applied to a group of 
interconnected cells in culture. Current tools for cellular mechanical study, however, often apply the same magnitude of 
mechanical strain to all the cells in culture [1]. The lack of spatial variation of mechanical signals makes these tools 
inappropriate for intercellular study. Tools that can apply localized mechanical stimulus, e.g. atomic force microscopy [2], 
often require complex configuration and precise tip manipulation, and are not well compatible with cell culturing. Therefore, 
there are imperative needs for tools that can deliver controllable spatial variation of mechanical signals to selected cells in
culture where the heterogeneous strain allows systematic investigation of intercellular mechanical interaction. In this work, 
we developed a polymeric microdevice, where an array of cell loading sites is arranged. Each site can be independently 
controlled without the need of precise positioning of the stimulating tip. A continuous heterogeneous strain field is applied to
the cells in culture. Quantitative study of intercellular mechanical transduction is thus enabled. 

FABRICATION
The microdevice consists of an array of rectangular PDMS membranes. Each membrane is 7500m in length, 500m in 

width, and 50m in thickness. This device was fabricated using a double-side replica molding process (Figure 1).  The top 
surface of each rectangular membrane serves as a cell loading site. The bottom side of the membrane is connected to a 
microfluidic channel, where fluid can be delivered to generate positive or negative differential pressure. In this work, each 
microfluidic channel is independently driven. Once the membrane is deflected by the differential pressure, the cells cultured 
on the top surface of the membrane are loaded. In particular, the cells are subjected to a heterogeneous uni-axial strain, which
has a spatial gradient along the stretching direction (along the short edge of the rectangle).  

To examine the actual strain delivered to the cells, an array of microdots (5m in diameter; single spaced) is patterned on 
the top surface of the membranes [3]. The displacements of these microdots upon membrane deformation are optically 
tracked, where the in–plane strain field is derived using the classic large strain/displacement equations with Lagrangian  

Crosslink 
PDMS
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Microdots Array 

PDMS
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Fig. 1: Fabrication of the polymeric device. 
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Fig. 2: Experimentally determined 
strain field at the maximum membrane 
center deflection at 70 m.
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operator (Figure 2). The result confirms that the strain field is uni-axial and non-uniform, i.e. some cells on the membranes 
are subjected to much higher strains than other cells. For example, when the vertical deflection at the membrane center is 
about 70 m, the cells cultured in the region within 150 m from the membrane center are subjected to tensile strain. The 
maximal tensile strain occurs at the membrane center and is about 15%. The cells close to the membrane edge are subjected 
to compressive strain. The maximal compressive strain occurs at the edge is about 10%. Between the tensile strain region and 
the compressive strain region, the cells cultured in the region 150-200 m from the membrane center are subjected to 
relatively small strain with the absolute strain magnitude below 4%, which refers to “near zero” strain region. Experiment 
examination showed that the boundaries of the three strain regions do not shift during dynamic loading. 
 
EXPERIMENTAL AND RESULTS 

Cellular response to the spatial varying strain field is examined using NIH 3T3 fibroblasts (Figure 3). The cells on the 
membranes were loaded with six-hour cyclic strain. The maximal tensile strain at the membrane center is about 15%. The 
loading frequency is 0.5Hz. Cell morphological change is examined using optical microscopy. As shown in Figure 3, 
remarkable cell reorientation is observed upon cyclic loading. The cells appear to align themselves along the longitudinal 
direction of the membrane (normal to the uni-axial strain). This is confirmed by the statistical analysis (Figure 4a-c). 
Specifically, before loading the cells on the membrane randomly orient. The average angle between the longitudinal axis of 
the cells and longitudinal direction of the membrane is 49.2°, where only 20% cells orient themselves along the longitudinal  
direction (less than 15° to the longitudinal direction) (Figure 4a). After three-hour cyclic loading, about 48% cells orient 
themselves along the longitudinal direction (Figure 4b). The average angle between orientation of the cells and membrane 
longitudinal direction significantly decreases to 22.5°. After six-hour cyclic loading, about 60% cells orient themselves along 
the longitudinal direction (Figure 4c). The average angle between the long axis of the cells and the longitudinal direction of 
the membrane decreases to 18.1°.  Besides cell orientation, the length-to-width ratio also exhibits significant increase upon 
cyclic loading, (Figure 4d).  The average length-to-width ratio of the cells before loading is about 1.8, which increases to 
about 2.3 after three hours and 3.1 after 6 hours. It is also noted that, under large strain magnitude condition, the cell 
reorientation and length-to-width ratio change were observed not only in the regions with high strain magnitude, but also in 
the unloaded region. Comparison of cell morphological changes in the membrane center (tensile strain region), membrane 
edge (compressive strain region) and the unloaded region (near zero strain region) shows no significant difference (Figure 5).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Morphological change of 3T3 fibroblasts on a membrane: (a) before loading (0hr); (b) after 3hr cyclic 
loading; and (c) after 6hr cyclic loading. (0.5Hz, maximum strain 15%) 

(a) (b) (c) 
0 hr 3 hr 6 hr 

Fig. 4: Effect of mechanical strain on cell reorientation and length-to-width ratio: (a) cell orientation before loading (0hr); 
(b) cell orientation after 3hr cyclic loading; and (c) cell orientation after 6hr cyclic loading); and (d) the  length-to-width 
ratio change during loading. 0° denotes the longitudinal direction of the loading membrane. 
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As a control, a reference membrane is loaded with the maximal tensile strain at the membrane center about 4%. This is to 

examine whether a low strain alone can induce cell morphological change. After six-hour loading, no significant cell 
reorientation or increase in length-to-width ratio is observed. This result suggests that the cell morphological changes in the 
“near zero” region are not due to the cyclic loads with low strain magnitudes. It is plausible to conclude that the cell 
morphological changes are primarily due to the intercellular mechanical transduction with cells in the  
neighboring “tensile strain region” or “compressive strain region”. 

To further confirm the presence of intercellular transduction, the cells in the off-membrane region (about 50 m from the 
membrane boundary) is also examined (Figure 6). Although not as significant as those on the membrane, the cells off-
membrane also exhibit obvious reorientation. Such reorientation diminishes as the distance from the membrane boundary 
increases. It can thus be concluded that spatial variation of mechanical signals can induce intercellular transduction to affect 
neighboring cells. The dependency of such transduction on the spatial strain gradient deserves further exploration. 
 
CONCLUSION 

This work reports the development of a PDMS based microdevice for intercellular mechanotransduction study. In this 
device, mechanical strain with spatial variation can be applied to a selected group of cells by deflecting the rectangular 
PDMS membrane using hydraulic differential pressure. The actual in-plane strain distribution on the membrane top surface 
upon deflection is experimentally examined, showing that the delivered strain is uni-axial and non-uniform. Tensile strain, 
compressive strain, and transitional “near zero” strain can be applied at same time on different regions of the membrane. 
Experimental results validate the efficacy of the device in delivering uni-axial strain, and show that significant cell 
morphological changes occur not only in high strain region (15% in tensile or 10% in compressive), but also in the low strain 
region (less than 4% in absolute value) after cyclic loading, while the low strain alone is not sufficient to induce dicernable 
morphological changes. With the capacity of providing a controllable heterogeneous strain field to load interconnected cells 
at the same time, the device is expected to serve as a universal platform for investigating intercellular mechanical 
transduction in a broad array of fundamental and applied biomechanical studies. 
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Fig. 5:  Morphological profile in different strain regions. (a) cell re-orientation
and (b) length-to-width ratio. According to Fig. 4(b), 0-150m from membrane
center is tensile strain region; 150-200m from membrane center is “near zero”
strain region; 200-250m from membrane center is compressive strain region. 
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Fig. 6:  Cell reorientation in the 
off-membrane region (about 50m 
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HIGH-THROUGHPUT MUTAGENIZED CELL SCREENING SYSTEM 
CAPABLE OF SELECTIVE SINGLE CELL EXTRACTION

Hyun Soo Kim1, Taylor L. Weiss2, Timothy P. Devarrenne2, Arum Han1, 3*

1Department of Electrical and Computer Engineering, 2Department of Biochemistry and Biophysics, and 
3Department of Biomedical Engineering, Texas A&M University, College Station, Texas, USA 

ABSTRACT
    We have developed a high-throughput microfluidic screening platform capable of culturing, analyzing, and 
selectively extracting mutagenized cells to investigate genetic variants. Combination of two pneumatic control layers, 
each comprising 32 microchannels, enables individually addressing and controlling each of the 1024 trapping sites in 
the cell analysis layer. By pressurizing either of the two pneumatic control channels or releasing pressure from both 
channels, the underlying trapping site was opened or closed, respectively. Cells inside a particular trapping site were 
extracted with backflow by selectively opening only this site. The performance of this screening platform was 
characterized using green microalga Tetraslimis suecica. 
 
KEYWORDS
Mutagenesis, Selective single cell extraction, Microfluidic high-throughput screening platform, Microalgae culture 
microsystem, Photosynthetic microalgae 

 
INTRODUCTION

Mutagenesis is a powerful technique to produce proteins, enzymes, genomes, or metabolic pathways with 
desirable properties. Coupled with screening or selection systems, this method has been successfully employed in 
various fields [1]. Conventionally, screening and selection are conducted by culturing mutagenized cell populations 
at low dilution on culture plates and manually picking cells showing desired trait [2]. Although this process is useful 
and widely used, it is time-consuming, quite labor-intensive, and requiring long culture periods. Also, the large 
numbers of mutants (103–106) that need to be screened to find genetic variants showing desired properties make this 
strategy costly and challenging. Here, we present a high-throughput mutagenized cell screening platform that 
enables easy monitoring of mutagenized cell properties through light/fluorescence microscopy followed by selective 
extraction of a particular genetic variant of interest (“hit”) for further off-chip analysis and sampling. We are 
particularly interested in applying this platform toward high-throughput screening of mutagenized microalgae.  

 
EXPERIMENT

The high-throughput screening platform is made of a poly(dimethylsiloxane) (PDMS) assembly consisting of 
two functional layers; a microfluidic cell analysis layer and a microfluidic control layer (Figure 1). The cell analysis  
 

 
 

Figure 1. Illustration of a high-throughput mutagenized cell screening platform. (A) Two PDMS functional layers – a 
microfluidic control layer and a microfluidic cell analysis layer. (B-C) Enlarged view of a selected trapping site 
where both row and column channels in the control layer are released simultaneously, resulting in opened trapping 
site. Trapped cells can be extracted with backflow. 
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Figure 2. A schematic view of a single trapping site integrated with pneumatic control layers. Each trapping site 
consists of a cell trap where a single cell is captured and a blocking structure, which can be selectively opened and 
closed during the cell extraction process by actuating the control layers with pressure. 
 

 
 

Figure 3. Microscopic images of the fabricated device. (A) An assembly showing all three layers – top and bottom 
pneumatic layers and a cell analysis layer. (B) Top pneumatic layer. (C) Bottom pneumatic layer. (D) Cell analysis 
layer. 
 
layer (15 µm high) has 1024 cell trapping structures (32 x 32 array), where either single or multiple cells can be 
captured, cultured, and analyzed. Each trapping site consists of top-hanging structures having two different height 
(Figure 2); a backside semi-circular structure (12 µm high, cell trap) is utilized to capture cells while a front bar 
structure (8 µm high, blocking structure) is open during cell loading, culturing, and analysis, but pushed down and 
closed during the cell extraction process. This front blocking structure can be selectively opened and closed to 
extract cells of particular interest from a specific trapping site. The control layer is composed of two microfluidic 
pneumatic layers, each having 32 columns or rows of pneumatic control channels, respectively. This control layer is 
utilized to individually address and control each of the 1024 trapping sites in the analysis layer for selective cell 
extraction. To extract cells from a particular trapping site, first, pressure is applied to all pneumatic control channels 
to close all trapping sites. Then, only the row and the column covering the desired trapping sites are released by 
removing the applied pressure from the channels. Among trapping sites under these pressure-released regions, only 
the desired trapping site is open since all trapping sites can be successfully blocked with only either a column or a 
row control channel actuated by pressure (Figure 4). Cells inside this particular site can be extracted and collected to 
off-chip reservoirs with backflow for further analysis. All microchannels in the pneumatic control layer was 
controlled individually by integrating a binary multiplexer scheme, which allowed each of the 1024 trapping sites to 
be regulated with only 22 actuation sources (20 for binary multiplexer control lines + 2 for input source).   

Tetraslimis suecica is a marine and green unicellular microalga, suitable as a model organism for genetic studies 
[3]. The functionality of the developed platform was tested by capturing and selectively releasing this microalga.  

 
RESULT AND DISSCUSSION

In the screening platform, each of the 1024 trapping sites can be opened or closed independently by controlling 
the front bar-shape blocking structure, with actuating the top or the bottom pneumatic channels. Prior to experiments 
with cells, the working principle of this scheme was tested and characterized with an incremental actuation pressure 
(Figure 4). When only the bottom pneumatic control channel was actuated, the blocking structure could partially 
block the trapping site under 15 ~ 18 psi of pressure and could completely block the site at pressure of 18 psi or 
higher (Figure 4B). However, to fully close the blocking structures only with the top pneumatic layer actuation, a 
fairly high pressure of more than 50 psi was required since the top layer should be bent sufficiently to deform the 
bottom pneumatic layer, which then pushed down the blocking structure. To reduce the required pressure for the top 
pneumatic actuation, a top-hanging ridge structure positioned approximately 3 µm above the bottom surface (Figure 
2) was introduced in the middle of the bottom pneumatic channel. When the top pneumatic channel was actuated and 
deformed to a certain degree, this ridge structure made contact with the blocking structure in the analysis layer and 
began to push it down for closure. By utilizing this ridge structure, the blocking structure was able to completely 
close the trapping site with significantly lower pressure. When only the top pneumatic part was pressurized, the site 
was partially blocked under 25 ~ 29 psi of pressure, but then was completely blocked when applying pressure of 30 
psi or higher (Figure 4C). 
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Figure 4. Micrographs and schematics of the single trapping site, which show the operation of the top-hanging 
blocking structure. (A) During cell loading, culturing, and analysis, no pressure is applied and all blocking 
structures as well as all trapping sites are open. (B-D) During the extraction process, pressure is applied to one of 
the two pneumatic layers or to both, resulting in closure of the trapping sites. Only the particular trapping site, 
where both pneumatic layers are released from pressure simultaneously, stays open during this process, as shown in 
(A).  

 
 

Figure 5. Microscopic images showing selective extraction of cells from the platform. Tetraselmis suecica cell was 
successfully extracted from a particular trapping site (dashed circle) without affecting cells captured at other 
trapping sites. 

 
Tetraslimis suecica was used to test the functionality of the screening platform. First, Tetraslimis suecica cells 

were loaded into the platform with the flow rate of 4 ~ 6 µl/min, followed by a flushing step to remove uncaptured 
cells. As shown in Figure 5, a single cell or multiple cells were successfully captured at each trapping sites in the 
analysis layer. During the culture and analysis period, the blocking structures stayed open to provide nutrients with 
culture media flow. To extract the cells from a particular trapping site after analysis, all trapping sites were blocked 
by actuating all control channels with pressure (30 psi), and only a particular trapping site (dashed circle) was 
opened by selectively releasing pressure from control channels covering that site. Using backflow (10 ~ 15 µl/min), 
Tetraslimis suecica cells inside this particular trapping site were successfully extracted without affecting cells 
captured at other trapping sites.  

 
CONCLUSION

A high-throughput mutagenized cell screening platform has been developed and the functionality of the system 
was demonstrated by successfully capturing and selectively extracting cells. This platform is currently being used to 
examine mutagenized microalgae and to selectively extract them for further analysis. We expect that this system will 
serve as a powerful high-throughput analysis and screening tool in broad ranges of microbiology applications where 
investigating genetic variants is needed. 
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Figure 1.  Conceptual illustration of photo-assisted micro-
gluing. Biocompatible, and photocurable PEGDA hydrogel 
was used for gluing 2D cell-laden microplates underwater. 
The position of each 2D microplate is arranged by 
micromanipulator driven glass capillaries. PEGDA 
prepolymer is applied on the edge of microplate, and UV 
exposed for gluing by polymerized PEGDA hydrogels. The 
connected microplates were further assembled into 3D 
microstructure by glass capillaries and the micro-gluing.

PHOTO-ASSISTED MICRO-GLUING FOR ASSEMBLING
THREE-DIMENSIONAL MICROSTRUCTURES WITH LIVING CELLS

Shotaro Yoshida1*, Koji Sato1,2, Kaori Kuribayashi-Shigetomi1, Tetsuhiko Teshima1,
and Shoji Takeuchi1,2

1. Institute of Industrial Science, The University of Tokyo, Japan
2. Takeuchi Biohybrid Innovation Project, Exploratory Research for Advanced Technology (ERATO),

Japan Science and Technology (JST), Japan

ABSTRACT
This paper describes a method to assemble three-dimensional (3D) microstructures by gluing separated two-dimensional 

(2D) structures attaching with living cells at micron-scales using hydrogels. We utilized photo-curable, biocompatible 
poly(ethylene)-glycol-diacrylate (PEGDA) as a glue, and assembled 2D cell-laden microplates into 3D structures by photo-
assisted local polymerizations. We demonstrated an assembly of 3D half-cubic microstructures with genetically-labeled cells,
which enabled observing intracellular microstructure in 3D cellular constructs. We believe our method is useful for
assembling 3D structures with targeted cells and into arbitrary geometries.

KEYWORDS: 3D Microstructure, Assembly, Hydrogel, Gene Expression, Cell Handling

INTRODUCTION
Construction of 3D microstructures has been a 

challenging issue in the microfabrication field [1],
especially for bioengineering applications [2]. One of 
the promising approaches is self-assembly, such as self-
folding [1, 3], or directed assembly [2]. However, these 
automatic assemblies are insufficient for building specific 
cellular structures because living cells have various 
genetical or phenotypical characters that demand manual
cell targeting. In this respect, a possible approach for a
precise 3D cellular assembly is that constructing them 
manually from 2D assembly parts that targeted cells are 
located.

In this study, we propose a method to assemble 
targeted 2D cell-laden microplates into a 3D 
microstructure by micro-gluing (Figure 1). The required 
conditions for the micro-gluing are follows: (i) the glue 
itself must be biocompatible, (ii) the gluing must be 
capable of being conducted under aqueous solution, such 
as culture medium, (iii) glue joints must be controlled at a
micron-resolution. One possible material that meets the 
requirement (i) is a hydrogel, widely used material in 
tissue engineering [2] or in surgical applications [4].
There are various types of hydrogels that can be hardened 
by heat, ions, or pH, however these do not meet the 
requirement (ii)/(iii) because of their low gelation speed or need for mixing two-component solutions. We utilized a photo-
curable hydrogel, PEGDA, which could be polymerized rapidly by local UV exposure. PEGDA can be polymerized into a 
micro-sized gel by UV without damaging cells [2]. Here, we demonstrated an assembly of 3D half-cubic structure with living
cell by bonding 2D microplates with genetically-labeled cells by PEGDA micro-gluing.   

FABRICATION OF TRANSPARENT 2D MICROPLATES AND CELL CULTURE 
Biocompatible, transparent 2D microplates were fabricated as we reported previously (Figure 2) [5]. Briefly, on a glass 

substrate, we spin-coated thin-layers of gelatin, poly-monochloro-paraxylylene (parylene), aluminum, and patterned them 
into micro-sized plates by standard photolithography. Then, we coated 2-methacryloyloxyethyl-phosphorylcholine (MPC) 
polymers, which inhibit the cell adhesion and protein absorption on the surface of the glass substrate (Figure 2a). After the 
chemical etching of Al to remove MPC polymers on the parylene, collagen was coated on them (Figure 2b). Throughout the 
procedure, we achieved selective adhesion of cells only onto microplates with simply seeding them on the fabricated devices 
(Figure 2c). 
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We cultured PC12 cells on 

the microplates in serum-free 

DMEM containing 10 ng/ml 

Nerve Growth Factor (NGF) for 

2 days. HEK293T cells were 

also cultured in normal culture 

dish with DMEM containing 

10% FBS. pAcGFP-actin vector 

encoding N-terminal GFP-fused 

actin or pcDNA3.1-RFP vector 

was transiently transfected into 

the cells with FuGENE HD 

regent (Figure 3). Transgene 

labeled HEK293T cells were 

trypsinized, and seeded on 

microplates. 

 

EXPERIMENTAL SETUP 

FOR THE MICRO-GLUING 

Microplates were observed 

by an inverted microscope, and 

manually moved for gluing by 

using the tip of a glass capillary 

combined with a hydraulic 

micromanipulator.   PEGDA 

prepolymer solutions were 

loaded into another glass capillary and a pressure ejection 

system (Figure 4). PEGDA prepolymer solutions were 

projected to the edge of the microplate, and the duration of the 

projection was determined by a PIC-controlled solenoid valve.  

UV light was emitted through the objective lens, and its 

duration was regulated manually.    

 

RESULTS AND DISCUSSION 

We assessed biocompatibility and cell adhesion property of 

PEGDA hydrogels by culturing HEK293T cells on them 

(Figure 5).  Hydrogel precursor solutions were made of 

PEGDA and photo-initiator with volume ratio 95:5, and then 

mixed with aqueous solutions: water or type I-C collagen 

solution.  The cells were cultured 2 days and stained with 

calcein-AM (live) / EthD-1 (dead) for viability assays. As a 

result, HEK293T cells adhered on PEGDA containing collagen 

(Figure 5a, b), and showed high viability rate (~98%) (Figure 

5c), which ensured the biocompatibility of the PEGDA glue. 

Using the micro-gluing system, PEGDA prepolymer 

solutions was focally projected on the edge of microplate. The 

polymerized into hydrogels by UV even under water, and the 

gelation resulted in gluing two targeted microplates. 

Finally we glued microplates together in the system, and 

successfully assembled 3D microstructure from 2D microplates 

(Figure 6).  We gathered target three 2D microplates with 

GFP-Actin/RFP expressing HEK293T cells, glued one by one, 

and succeeded in constructing a 3D half-cube structure (Figure 

6a, b). Since the 3D object was constructed by gluing tareted 

parts, it may be possible to assemble it with heterogeneous cells, 

or microplates with different shape and materials.   
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Figure 2.  Fabriction process of transparent 2D microplates with living cells. (a) 

Parylene microplates were fabricated by standard photolithography techniques.(b) 

Cell seeding and culturing on the microplates. (c) PC12 neural cells on microplates. 
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Figure 3.  Transgene expression in PC12 neural cells 

cultured on the microplate. (a) Green : N-terminus 

GFP-fused actin. (b) Magenta: RFP. 
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Figure 4.  Experimental setup for micro-gluing. 

Microplates were manipulated by a left glass pipette 

(green), and PEGDA was ejected by a right pipette 

(blue). UV light was exposed through an objective lens. 
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Moreover, transparency of the parylene 

microplates enabled visualizing intracellular 

microstructures such as actin cytoskeletons with 

observation of GFP-fused actin proteins (Figure 6c).  

By integrating our micro-gluing technique, genetic 

engineering, and live cell imaging, it could be 

possible to study the basic mechanisms of cells and 

their internal molecules in 3D cellular environment, 

in chronological order. Also, the procedure could be 

fastened by using focal laser photo-activation in 

future. 

 

CONCLUSION 

We developed a photo-assisted micro-gluing 

technique applicable to 3D assembly of bio-samples. 

We successfully assembled 2D cell-laden microplates 

into a 3D half-cubic structure. We believe this 

method is useful in constructing 3D cellular 

structures only with targeted 2D parts.  
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Figure 5.  Biocompatibility and cell adhesive property of PEGDA 

hydrogel. (a, b) fluorescence image of HEK293T cells on the 9.5% 

PEGDA (a), or 9.5% PEGDA including 1.8% typeI-C collagen (b). 

Green: calcein, Magenta:EthD-1. (c) the summary of cell adhesion 

and viability on the PEGDA hydrogel. 

 

Figure 6.  3D assembly by micro-gluing. (a) microplates with 

transgene expressing cells were selected, assembled, and glued into 

a 3D half-cube object. (b) a picture of a micro-glued 3D half-cube 

structure attached with HEK293T cells expressing GFP-actin or 

RFP. (c) intracellular cytoskeletons (green) and cytosol (magenta) 

were visible through the half-cube. 
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HUNDRED-FOLD VOLUME CONCENTRATION OF CELLS AND 
PARTICLES USING CONTINUOUS FLOW MULTISTAGE 

ACOUSTOPHORESIS 
Maria Nordin1, Thomas Laurell1,2

1Lund University, Sweden, 2Dongguk University, South Korea 

ABSTRACT 
We present a microfluidic chip capable of two hundred-fold volume concentration of cells or particles in continuous 
flow with high throughput and minimal losses. Cells or particles are focused in the node of an ultrasound standing 
wave in two dimensions, enabling dramatically higher concentration than obtained in standard one dimension 
acoustophoretic focusing. The system is developed for concentrating rare cell events, such as circulating tumor cells 
isolated from blood samples after a rare event separation step, or for chip integrated cell sorting devices which 
commonly deliver target populations in a large void volume.  

KEYWORDS 
Ultrasound, concentration, 2-D focusing, acoustophoresis 

INTRODUCTION 
Concentrating cell samples is a critical step when handling rare events or dilute samples, to 
enable cell culturing or cell-based assays. Detection and identification of microorganisms or 
rare cells associated with various diseases, such as circulating tumor cells, has an important 
diagnostic and prognostic value in disease treatment. Assessment of water or food quality, 
can also pose challenges in terms of concentration.  
   Traditional centrifugation as a means of sample concentration suffers from drawbacks in 
dealing with rare cell events and in combination with lab-on-a-chip applications, where 
highly diluted sample or small volumes need to be handled. Microfluidic systems make it 
possible to handle samples in a continuous mode, without restricting sample volumes. They 
also offer the possibility to handle samples in a closed system, allowing concentration of cells 
for transplantation or cell culture. Previous reports on cell concentrating microsystems have 
mostly been done in batch systems, using traps that have a limited capacity [1].  
   This paper presents a continuous flow, high throughput acoustophoresis device capable of 
concentrating cells and particles up to two hundred times with minimal losses. Cells and 
particles are concentrated in two dimensions by ultrasound standing wave forces, according 
to their intrinsic properties size, density and compressibility [2]. The method is label free and 
has been shown to be gentle to the cells [3]. Furthermore, the continuous flow mode makes it 
possible to achieve concentration factors of several orders of magnitude and the method can 
be used independently of suspending fluid.  

EXPERIMENT 
The presented system, shown in Figure 1, 
was fabricated in silicon by anisotropic 
wet etching and sealed with a glass lid. 
The chip was actuated using one or two 
ultrasonic transducers resonant at 2 or 
5MHz, corresponding to half a wavelength 
ultrasound standing wave along the width 
or height or the channel, respectively. Cells 
or particles were focused in the 
microchannel centre and clarified fluid was 
withdrawn from the side outlets along the 
acoustophoresis channel and the sample 
was extracted through the center outlet at a 
vastly reduced volume flow rate.  

Figure 1. Chip 
design. 

Figure 2. 1D vs. 2D concentration of 5 µm particles.The theoretical 
concentration assuming full recovery of the particles are indicated 
at the x-axis. (n=3). Inflow rate 100 µL/min. 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  512



RESULTS AND DISCUSSION 
A comparison of the system performance using either one or two outlet regions together with one-dimensional or 
two-dimensional acoustic focusing was done. 5 µm diameter polystyrene particles were used as a model system 
showing that two outlet regions outperformed chips with one outlet region (data not shown) and that 
two-dimensional focusing outperformed one-dimensional focusing (Figure 2).  
   Using only one-dimensional focusing a considerable amount of particles or cells was lost into the side outlets 
(Figure 3a). However, when employing two-dimensional focusing significantly higher concentration factors with 
minimal losses were obtained, (Figure 3b). The reason for the improved performance is based on two factors, where 
1) the negative influence of an irregular acoustic resonance pattern in the outlet region is minimized and 2) the 
influence of flow disturbances is reduced, using multiple acoustic focusing steps. When trying to achieve high 
concentration factors of particles without losses, in chips with one outlet region, the critical flow fraction that must 
contain all the particles is only a few micrometers wide. Even minor fluctuations in the outlet flow balance can 
easily disturb the minute central flow fraction to the side outlets. Using several outlet regions, on the other hand, will 
increase the width of the critical flow fraction. Thereby, only modest concentration factors will be achieved in each 
step but will in total multiply into higher concentration factors.  
 
a)                                                 b) 

 

 
Figure 3. a) Particles focused in one dimension entering the last outlet region with at total flow rate of 100 µL/min 
where 2 µL/min is taken out in the centre outlet. The white arrow indicates particles escaping to the side outlet, 
deflected by the undefined acoustic field present in the outlet region. b) Particles focused in two dimensions. Particles 
escape is no longer present.  
 
In the outlet regions where the channel widens and the width no longer matches the half wavelength ultrasound 
standing wave, an undefined acoustic field of higher resonance modes is present with nodes no longer located in the 
channel centre. When the particles enter these regions they can be deflected from their original trajectory and fail to 
enter the centre outlet. The retention time of most of the particles when passing the outlet regions is sufficiently short 
not to be affected by this irregular ultrasonic field. However, the particles situated in the top and bottom of the 
channel, where the flow rate approaches zero, will spend sufficient time in the outlet regions to be deflected from 
their original trajectory. As the minute flow fraction taken out in centre outlet does not allow for deflections from the 
original trajectory of more than a few micrometers, this easily leads to particles escaping through the side outlets 
instead. However, when the particles are focused in two dimensions, there will be no particles situated in the slowest 
moving flow regime and thus very few particles can escape to the side outlets (Figure 4). 
 
a)                                              b)         

 
Figure 4. Channel cross-section showing the flow velocity profile,(where red is highest velocity and  
blue is lowest) with; a) one-dimensionally focused particles and b) two-dimensionally focused particles.  
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Confocal microscopy was used to validate the 
two-dimensional focusing (Figure 5). In order to allow 
imaging of the entire channel cross section the 
magnification was limited to x20. The magnification 
limit resulted in a confocal depth of about 20 µm, hence 
causing features in the images to appear enlarged mostly 
in the height direction of the channel. This resulted in the 
two-dimensionally focused particle cluster to appear 
more elongated than round (Figure 5b).  
     Red blood cells were used as model cells and were 
concentrated 145.8 ± 5 times with a recovery of 97.2 ± 
3.3 at a sample input flow rate of 150 µL/min (Figure 6, 
blue bars). Since the system is intended to be used for 
rare cell concentration, circulating tumor cells are of 
interest. DU145 cells, prostate cancer cells, were used as 
a model system and we demonstrate a concentration 
factor of 195.7 ± 36.2 times with a recovery of 97.9 ± 
18.1  at sample input flow rate of 200 µL/min, with the 
potential of reaching even higher numbers (Figure 6, red 
bars). 
 
 
 
 
 

CONCLUSIONS 
In conclusion, acoustophoresis has been 
used to concentrate particles and cells up 
to 200 times in continuous flow with up 
to 200 µL/min sample inlet flow rate, 
using two-dimensional acoustic focusing. 
It has been shown that two-dimensional 
focusing outperforms one-dimensional 
focusing and that the strategy of 
implementing several acoustic focusing 
regions and sequential outlet regions 
where excess fluid can be removed 
opened the route to concentration factors 
beyond 100 times. The system will fill a 
need in rare cell event handling, and 
integration with separation and detection 
devices is possible.  
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Figure 5. Confocal images. a) Particles focused 
(green) in one dimension vertically. The channel 
bottom is viewed in red. b) Particles focused in two 
dimensions.  

 

Figure 6. RBC and DU145 concentration usign 2-D focusing. 
(n=3) Inflow rate of 100, 150 and 200 µL/min, respectively.   
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ACOUSTIC TRAPPING EFFICIENCY OF NANOPARTICLES AND 
BACTERIA 

Mikael Evander, Björn Hammarström, Pelle Ohlsson, Thomas Laurell and Johan Nilsson 
Dept. of Measurement Technology and Industrial Electrical Engineering, Lund University, Sweden 

 
ABSTRACT 

In this paper we present a method to characterize the acoustic trapping efficiency of nanoparticles and bacteria 
when using seeding particles. Through the use of fluorescent microscopy and video analysis, single particles/bacteria 
were counted as they entered the acoustic trap at different flow focusing ratios and by comparing the amount of 
trapped objects to the amount of objects that were lost from the trap, the trapping efficiency could be calculated. 
Using fluorescent 780 nm polystyrene particles, an optimization of the hydrodynamic sample pre-focusing could be 
performed. For a flow focusing ratio of 1:10 or 5:6 (sample:sheath flow), a trapping efficiency of around 90% could 
be achieved at a total flow rate of 11 µl/min. At a flow focusing ratio of 1:10, GFP-producing E. coli could be 
trapped at an efficiency of above 95%. Using this characterization technique, important aspects of the acoustic 
trapping method (e.g. transducer frequency and voltage, size and type of seeding particle, amount of flow focusing, 
total flow rate etc.) can be characterized and optimized. 

 
KEYWORDS 
acoustic trapping, trapping efficiency, nanoparticles, bacteria.  

 
INTRODUCTION 

Acoustic trapping has the potential to become an important tool for enrichment and washing of dilute samples in 
microfluidic systems. The introduction of seeding particles in acoustic trapping, as first presented at µTAS 20111, 
enabled trapping of particles that were previously thought too small to manipulate. This opened up for applications 
aimed at pathogenic bacteria enrichment, e.g. bacteremia diagnostics. However, considering the low numbers of 
bacteria present in clinical samples (often <1 cfu/ml), it is paramount to trap as many bacteria as possible if a 
subsequent detection is to be possible. We here present a new method for characterizing the acoustic trapping 
efficiency of nanoparticles and bacteria and demonstrate an optimization of the hydrodynamic sample pre-focusing. 

 
EXPERIMENT 
 The trapping platform consists of a rectangular borosilicate capillary (2 x 0.2 mm2) with a sheath flow inlet and a 
sample flow inlet, see figure 1. The capillary is clamped to a printed circuit board (PCB). On the PCB, a diced 
piezoelectric transducer (0.9 x 0.9 mm2) with a resonance frequency at 4 MHz is mounted. When activating the 
transducer, a local standing wave is created in the capillary above the transducer and when particles are transported 
to the trapping zone they will be retained in the pressure node. Good acoustic coupling between the transducer and 
the capillary is ensured by a thin layer of glycerol. Further details of the trapping platform can be found elsewhere2. 
In order to perform the trapping efficiency measurements, two modifications of the previously presented platform 
were implemented: A 100 nm thick layer of chromium was deposited on the backside of the capillary to decrease 
background fluorescence from the PCB and a sample inlet was added to the top of the capillary to enable 
hydrodynamic sample pre-focusing.  
 At the start of each measurement, 12 µm polystyrene beads were aspirated through the capillary outlet and 
trapped to act as seeding particles, as shown in figure 2. 780 nm fluorescent polystyrene particles were then infused 
through the sample inlet and hydrodynamically focused using deionized water as sheath flow. The flow ratio of the 
sample and sheath flow was either 1:10, 5:6, 10:1 or 11:0 with a fixed total flow rate of 11 µl/min. The particle 
concentration was sufficiently low to ensure single trapping events. For the measurement with sample flow at 
1 µl/min and sheath flow at 10 µl/min 1·105 particles/ml were used and for all other flow settings 1·104 particles/ml 
were used. For bacteria measurements, GFP-producing E. coli XL-1 blue (5·104 bacteria/ml) were used.  
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Figure 1. A 4 MHz piezoelectric transducer creates a 
standing wave with a pressure node in the center of the 
capillary where both seeding particles and nanoparticles 

are trapped against the flow (A). The capillary is 
clamped on a printed circuit board (PCB) using an 

aluminum/plastic fixture (B). 

Figure 2. The capillary has two inlets (sheath fluid and 
sample) and one open outlet. In step 1, seeding particles 

are aspirated through the outlet and trapped over the 
transducer. In step 2, nanoparticles or bacteria are 

infused through the sample inlet, hydrodynamically 
focused with different flow ratios and trapped in the 
seeding cluster. In step 3, the ultrasound is turned off 

and the trapped cluster is released. 
 

The trapping efficiency (percentage of trapped particles) was measured by counting the particles/bacteria 
entering and exiting the trap. High-speed images were acquired using a CCD and analyzed in MATLAB®. For each 
measurement, a region-of-interest (ROI) that all particles passed through when entering the seeding cluster was 
determined. Within this ROI, the mean fluorescent intensity of each pixel row was calculated in all video frames to 
capture the increase in fluorescence intensity that a passing particle/bacteria would create, see figure 3. The resulting 
array of intensity peaks was filtered using a Savitzky-Golay filter to remove any background variations and finally a 
threshold level was set that enabled the counting of any individual particles or bacteria that passed through the ROI.  

 

Figure 3.  (A) shows a video frame from the bacteria trapping experiment. Using the hydrodynamic sample 
focusing the ROI could be selected so that all bacteria entering the cluster goes through it. Trapped bacteria can be 

seen as bright spots in the grey cluster of seeding particles. The average of each pixel row in the ROI is then 
calculated for each video frame (B) and the result is a timeline with clear fluorescent peaks for each single 

bacterium passing the ROI (C). The dashed red line is the threshold for peak detection.  
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RESULTS 
The presented method to characterize the acoustic trapping efficiency was successfully applied to nanoparticles 

and bacteria. Using 780 nm polystyrene particles and a hydrodynamic sample pre-focusing ration of 1:10 or 5:6, a 
trapping efficiency of around 90% was achieved. A sample pre-focusing ratio of 10:1 or using no focusing, 11:0, 
resulted in a trapping efficiency of around 55%, see figure 4. A 1:10 pre-focusing ratio results in a slightly higher 
trapping efficiency, but the 5:6 pre-focusing ratio enables a sample infusion rate that is five times greater while 
almost maintaining the same trapping efficiency. 

GFP-producing E. coli were also tested to see if their trapping behavior would differ significantly from the 
nanoparticles that were used for the pre-focusing characterization. Using a pre-focusing ratio of 1:10, a trapping 
efficiency of 96.9 ± 2.8% was achieved, see figure 5.  

 
 

  
Figure 4.  Trapping efficiency of 780 nm polystyrene 

particles versus hydrodynamic focusing. Error bars 
show ± 1 standard deviation and n = 3. 

 

Figure 5.  An image of a cluster of 12 µm seeding 
particles. Trapped GFP-producing E. coli can be 

seen as bright spots between the seeding particles. 
The bacteria are trapped in a pattern that is 

dependent on the acoustic streaming in the system. 
 

CONCLUSION 
The results show that high trapping efficiencies can be achieved when enriching bacteria-sized objects using 

hydrodynamic sample pre-focusing. The new characterization method enabled optimization of the sample 
pre-focusing and would also enable optimization of other parameters affecting the trapping performance, e.g. total 
flow-rate, seed particle size and material and the acoustic actuation. 
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ABSTRACT 
Particle focusing behavior in a spiral microfluidic channel with trapezoidal cross section is studied in this work. By 

observing the position of particle stream from both side and top view, combined with numerical simulation of Dean flow 
field, the force balance conditions within these channels is studied for better understanding of particle focusing mechanism in 
a spiral inertial microfluidic channel. In the spiral inertial microfluidic channel, modifying channel cross section can lead to a 
shift in Dean flow field, affecting the particle focusing behavior significantly. Based on this mechanism, particles separation 
with both high resolution and high throughput is reported. 
 
KEYWORDS 

Size Based Sorting, Inertial Focusing, Dean Vortex Trapping, Trapezoidal Cross Section, Spiral channel. 
 
INTRODUCTION 

The need for efficient size-based cell separation is often found in various cell-based assays, to isolate a certain sub-
population from complex cell mixtures such as blood. Recently, inertial microfluidic devices were explored as a filterless 
size-based cell fractionation method [1-3]. Here, we introduce a novel inertial microfluidic device design with trapezoidal 
cross-section, which preserves the principle of separation of typical rectangular cross section microfluidic designs, but with 
significantly improved separation resolution and throughput. Taking advantage of capturing images of particles position at 
side view, the forces balance mechanism is discussed under a simulation of Dean flow field both for rectangular and 
trapezoidal cross section. 
 
THEORY 

In a rectangular cross-section spiral channel, Dean vortices are symmetrical in the width direction and particles are mostly 
focused at the inner side of the curved channel. Particles with diameter/height ratio ≥0.07 normally focus into two streams 
within the Dean vortex at the top and bottom halves of the channels. With flow rate increasing, the particle focusing position 
initially moves closer to the inner channel walls due to the increased inertial lift forces, while the centrifugal forces begin to 
dominate at higher flow rates pushing the particle position away from the inners walls towards the outer wall (Figure 2A). 
This phenomenon limits the throughput and resolution of particle/cell separation, because the focusing positions of particles 
with different sizes are close to one another [2]. In trapezoidal cross-section spiral channel, with inner walls shallower than 
the outer walls, the transition from ‘inertial–dominant’ to ‘Dean–dominant’ regime is sudden, therefore the focusing position 
immediately jumps from the inner half to the outer half of the channel. This is due to the evolution of a strong Dean vortex 
core skewed towards the outer half of the microchannel (the deep region in Figure 1A), rendering the Dean force field 
nonlinear. As the inertial lift forces are highly size dependent, particles/cells of different sizes shift from the inertial dominant 
to Dean dominant regime at different flow rates. Using this principle, particles/cells of different sizes can now be separated 
with greater spatial resolution than in a traditional rectangular cross-section microchannel. 
 

  
Figure 1: (A) Schematic of trapezoidal cross section channel illustrating the principle of particle focusing and trapping within the Dean 
vortices. (B) An actual PDMS casted trapezoidal cross section spiral microfluidic device with two outlet tubes removed. The cut view of the 
cross section is shown on left. The radius of the spiral curve varies from 7.5mm to 12.5mm. The inner & outer heights of the channel cross 
section are 80µm and 130µm. The width of the channel is 600µm.

(A) (B) 
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EXPERIMENT 
Microfluidic channels were cast from a Poly(methyl methacrylate, PMMA) mold made by precision milling process 

(Whits Technologies, Singapore). The design consists of a single inlet two-outlet spiral channel with multiple loops and 
curvature radius of ~10mm. The patterns were cast with Sylgard 184 Silicone Elastomer (PDMS) prepolymer mixed in a 10:1 
ratio with the curing agent. After curing, the PDMS mold with patterns was peeled plasma bonded to another 3mm thick 
PDMS layer. Input and output ports were punched prior to bonding. For the observation of particle position from the side, the 
device is cut along the output section of the channel with ~2mm distance and then a second cast is made by keeping the 
device vertically to a flat bottle container. Tubings were connected to the ports before the second cast to prevent PDMS mixer 
flow into the channel. 

During testing, microfluidic device was placed on an inverted microscope (Olympus X71) and fluorescence images were 
captured with Phantom V9.1 camera (Vision Research Inc. USA) near the end of the channel. Input samples were made by 
diluting 1% solid fluorescent particles (Bangs Laboratories, Inc. USA) of different with DI water and pumped into the 
channel under different flow rate with NE-1000 syringe pump (New Era Pump Systems, Inc. USA) to observe the focusing 
positions. For evaluating the separation quality of the device, higher concentration particles of two different sizes were mixed. 

 
RESULTS AND DISCUSSION 

 
Figure 2: (A) Top view image showing the comparison of fluorescent beads distribution at the outlet of a 80/130µm inner/outer depth, 

trapezoidal cross section spiral microchannel, and a 80µm height rectangular channel with flow rates ranging from 0.5mL/min to 

7.5mL/min. (B) CFD Simulation of Dean flow field (inner/outer depth: 80/140µm, width: 600µm, flow rate: 3.5mL/min, channel radius: 

7.5mm) combined with 26.25µm fluorescent beads distribution from the top view and the side view, indicating the force balanced position 

of particles. Black cones indicate the direction and magnitude of Dean flow. Gray circles are positions of 26.25µm beads at typical flow 

rate from experimental results.  
 

Figure 2A shows the focusing bands of different sized particles with increasing flow rates as viewed from the top. The 
result clearly corroborates the separation principle, with particle streams of different sizes shifting from the inner wall 
(inertial regime) to the outer wall (Dean regime) at different flow rate. For example, with trapezoidal cross-section, at a flow 
rate of 1.5mL/min, we can separate particles with >15.5µm diameter from smaller ones by collecting inner and outer outlets. 
In the same channel, increasing the flow rate to 2.5mL/min allows us to separate particles with >26.25µm diameter from 
smaller ones. In comparison, in rectangular channel, although particles of different sizes tend to focus at different positions of 
channel at a certain flow rate, the distances between them are minimal and can be blurred if the particle/cell concentration is 
high, limiting the ability to process high hematocrit cell samples. Figure 3 presents the separation efficiency of two different 
size particles (16.68µm and 26.9µm) at an optimized flow rate of 3.4mL/min. The purity of both outlets collection are over 
96%, while throughputs of 8.85×106/min can be reached, which is 1.33% volume to volume concentration (equivalent to 
hematocrit number in blood samples). 

Previously, particles were assumed to focus at the center of channel depth [1-3] in spiral inertial microfluidic channel, 
since Dean drag force (FD∝Uf2, where Uf is the average flow velocity) and inertial force (FL∝Uf1.63) [3] are dominant at 
center area of channel cross section, while centrifugal force(FC∝Uf2) is neglected. But according to our experimental result in 
Figure 2B, particles are focusing at two different depths. Numerical simulation indicates that the Dean flow field at different 
flow rates change little in distribution, and the maximum Dean flow velocity is always found at the center in depth direction. 
At the positions of particle focusing (experimentally found to be between zero Dean line and zero lift force line), FD is mainly 
directed towards inner wall, and is also much smaller than maximum Dean force. In such conditions, FC cannot be neglected. 

Figure 4 illustrates the forces act on particles at different positions of channel cross section. At Position #2, all the forces 
are in the channel width direction, but a slight disturbance along channel depth direction will make FL to change direction and 

(B) (A) 
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Figure 3: FACS result of particle separation with 80/130µm inner/outer depth, 600µm width trapezoidal cross spiral microchannel at 
3.4mL/min flow rate, (A) Input with 16.68µm and 26.9µm particle of 0.665% volume to volume concentration(~2.6×106/mL), (B) Inner 
side output, (C) Outer side output. 
 
increase in magnitude, which renders this point an unstable balance point. Position #3 is a stable force balance point at low 
flow rate(0.5mL/min). With the increase of flow rate, FL grows faster than FD, particle balance point will have to move 
towards the top or bottom wall whichever closer to their initial balancing positions. This in turn increases the component of 
FD to balance out increased FC, leading to formation of new particle balance point at Position #1. If the flow rate continues to 
increase, FC will become dominant and no other forces can balance it laterally, therefore particles will move to outer side and 
eventually trapped in one of the vortices center (Position #4) due to the strong Dean flow there. Since all of the forces are 
related to the size of particle, the flow rate for them to shift from Position #1 to #4 is size-dependent, which makes size based 
separation available. 

 
Figure 4: Schematic diagram illustrating the direction of forces on particles at different positions. Black circles indicate 
locations of unstable balanced point. White circles indicate stable force balanced point at either upper or lower half of 
channel. White cone indicate the direction and logarithmic magnitude of Dean velocity. 
 
CONCLUSION 

We developed a trapezoidal cross-section spiral microfluidic channel for size based particles separation. The experimental 
result conclusively shows that the new channel is able to achieve high resolution and high throughput cell separations. We 
successfully separated 16.68µm and 26.9µm particle at 1.33% concentration under 3.4mL/min with over 96% efficiency, 
which is the highest throughput and efficiency among the microfluidic methods so far. The mechanism of particle focusing 
was studied by observing the position of forces balanced particle streams, along with the numerical simulation of Dean flow 
field. The analysis indicates that particles are focusing at location where inertial lift force and Dean drag force are not 
dominant, and that centrifugal force should be considered for the explanation of particle force balance. 
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Figure 2. (a) Filtration chip (25mm X 25mm X 5mm). (b)(c) 
Illustration of trapping mechanism by size.

 

Figure 1. Process flow of the device fabrication. 

 

Figure 3. Device setup with a suction chamber.

 

A MASS-PRODUCIBLE FILTRATION CHIP FOR ISOLATION OF 
CIRCULATING TUMOR CELLS FROM HUMAN BLOOD

Cheng-Ming Lin, Pei-Chen Chuang, Chang-Yu Chen, Chen-Lin Chen, 
Guan-Syuan Huang, and Andrew M. Wo *

Institute of Applied Mechanics, National Taiwan University, Taipei, Taiwan (R.O.C.)
ABSTRACT
    Enumeration of circulating tumor cells (CTCs) is a promising and harmless in vitro tool in monitoring of cancer 
progression and metastasis. An aim of this study is to develop a device that has the potential to solve the difficulties 
of CTC-isolation, such as high cost, high technical barrier, and difficulties of device mass-production. A chip with 
micro-filter structures and a chip-tubeless suction system was designed to separate CTCs from peripheral blood by 
size. This easy-to-use device made of PMMA through injection molding is a potential CTC-detection tool for wide 
usage. 
 
KEYWORDS
Circulating tumor cells, CTCs, size-based cell separation, cell isolation, injection molding, mass-production.  

 
INTRODUCTION

Isolating CTCs by the nature of larger size of most epithelial cells when compared to peripheral blood leucocytes 
prompts in the idea of size-based approaches, and have been demonstrated to attain high capture efficiency and high 
throughput [1-3]. Our group reports a mass-production filtration device had one-dimensional array apertures which 
could successfully capture live tumor cells, and those trapped cells could be culture on-chip after filtration. Additives 
like antibody, beads or special liquids are not necessary in the filtration processes. The diluted blood can introduced 
to the device directly for cell-separation by size. The device enables further cell analysis and other experiments of 
these value cells. This work provides a potential device that can be applied in routine CTC detection.  

 
THE FILTRATION CHIP AND THE SYSTEM

Figure 1(a)-(d) show the fabrication process. A CD-like polymethylmethacrylate (PMMA) disc was first 
fabricated via precision micro injection molding by a CD/DVD manufacturing company (RITEK Corporation, 
Taiwan). One disc contains five patterns of two level 
microstructures, 9μm and 30μm. The patterns were cut 
off from disc and bonded with a PMMA reservoir using 
plasma-enhanced thermal bonding. Figure 1(c) shows 
the sketch pattern of the chip. The size of the aperture 
can be controlled from 0μm to 9μm, depended on 
different level of applied pressure and temperature as 
bonding conditions. Figure 2(a) shows the complete 
filtration chip. The size-trapping mechanism was 
illustrated by Figure 2(b) and (c). Small cells can flow 
through the aperture, and the large cells would retain on 
the edge or stuck into the aperture. An experimental 
setup for tubeless configuration was used here to ensure 
constant negative pressure driving sample through filter 
stably and high cell viability (Figure 3).
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Figure 5. Viability of captured cells after 48 hours 

incubation. (a) Captured cells in bright filed and (b) in 

green fluorescence. (c) Fluorescent image (cells marked 

with Calcein AM) shows the captured cells are alive and 

proliferating around the aperture.   

Figure 4. Size distribution of MCF-7 cell line. 

The inset figures show one and two cells (with 

PE-anti-EpCAM) captured on the aperture of the 

filtration chip. 

EXPERIMENTAL PROCEDURES AND SAMPLE PREPARATION 

In the experimental procedure, the constant ∆P was set to a pressure value controlled by a regulator. A volume of 
1ml running buffer was first introduced to the chip for rinsing. After that, the prepared cell sample was loaded into 
chip for filtration. The processing time was depended on the sample volume and dilution condition. After filtration, 
3ml of running buffer was used to rinse the chip to remove the residual cells or other particles. If necessary, repeated 
the previous procedure with dye staining and buffer washing. Finally, the filtration-chip was removed to the 
fluorescence microscope for image detection. 

To measure the diameter distribution of cell population, each of the cultured cell lines was suspended in PBS 
stained with Calcein-AM. With a concentration of 103cells/10μl, 10μl of the stained cells was sprayed on a glass 
slide and then wait for 20 min for cells sedimentation. For a rapid characterization, a microscope with a digital 
camera (Nikon D5100, 1.6 M pixels, connected with a 1.5X conversing ring) was used for image capture. The 
captured image resulted in a high resolution, which is around 1.5µm/pixel at 2X object lens and 0.6µm/pixel at 5X. 
The images were analyzed using the software of Image J. 

Cultured tumor cells mixed with blood form healthy donors were filtered through the device, washed with PBS, 
and loaded with culture medium. Then replace the device to a petri dish cultured for 2days in an incubator at 5% 
CO2 and 37ْC. On the 2nd day, the device was washed with PBS. Acetomethoxy derivate of calcein (calcein AM, 
C3100MP, Invitrogen) was added to the device for 30 min. Calcein AM can transport through the cellular membrane 
into cells then be hydrolyzed by an intracellular enzyme resulting in strong green fluorescence. As dead cells lack 
this enzyme, only live cells are marked. Fluorescent images were taken via the CCD camera (Leica 360) using a 
fluorescence microscope (IX-71, Olympus). 

For visually distinguishing cancer cell lines or CTCs from hematic cells with fluorescence microscope, the spiked 
cell lines were prestained with EpCAM-PE (expressed red signal). Each staining/labeling required 20 minutes 
incubation at room temperature. Finally, the immune-fluorescent images were took using a 10X fluorescent 
microscope (Olympus IX71) fit with a CCD camera (Leica DFC360FX). 
 

RESULTS AND DISCUSSION 

Polystyrene beads (10μm) and several tumor cell lines were used for preliminary test. With very low concentration 
in the phosphate buffered saline (PBS) (3 beads/ml), the device had 100% capture efficiency (n=3) due to the less 
deformability of the beads. For live tumor cell (MCF-7 breast cancer cell line), device with 6.3μm aperture had 
87.3±1.5% efficiency under a constant negative pressure of 0.1psi. We believed the small cells (<~8μm) deformed 
and went through the apertures. For further studies, we checked the size of cell population and found the percentage 
of the small cells (< 8μm) is ~15% (Figure 4). Results of other cancer cells were listed in Table 1. Those tests 
showed the capture efficiency would change if use different cell lines/populations or working pressure for the 
device.  

For viability test, PC-3 prostate cancer cell line was introduced to the filtration device. After 48 hours, captured 
cells were stained on-chip with Calcein AM. Results showed cells are viable and even proliferating, which enable 
further cell culture and other analysis of rare cells, see Figure 5.  

To optimize the workable pressure in our experimental setup, we have characterized the pressure of the filtration 
device with fixed/unfixed cell samples. Figure 6 shows the yields according to different cell conditions 
(fixed/unfixed) and pressure. The rigidity of cells plays an important role in size-based filtration. We thought that 
most unfixed cells damaged or deformed then went through the apertures exceed 0.3psi. Therefore 0.1psi pressure 
was chosen for following tests.   
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Figure 6. Effects of negative pressure and cellular 
deformability on yields of unfixed/fixed MCF7 in 
PBS tested in 0.1 psi.

Table 1. Yield PS micro-beads and three different 
type of cancer cell lines in PBS tested at 0.1psi.

Figure 7. Yield of simulating-patient sample for CTC-detection. Three different 
cancer cell lines were spiked into 1mL human whole blood and diluted to 15mL.

 
We simulated different kinds of cancer patient samples by spiking cancer cell lines in 1mL of human blood from 

healthy donators and then diluted with 14mL PBS before processed by our device. It took about 1 to 1.5 hours to 
complete each filtration. The yield of each sample was 69.3±24.3% (Colo205), 78.0±14.9% (PC3) and 80.0±10% 
(MCF7), see Figure 7.  

CONCLUSION
The recovery rate of live MCF-7 cells spiked in diluted blood is 80~89%. The filtration chip could handle 15mL 

diluted blood (1:15) in 1~1.5 hour. For cell viability test, PC-3 prostate cancer cell line was testes to show after 48 
hours filtration, and stained on-chip with Calcein AM are viable and even proliferating, which enable further cell 
culture and other analysis of rare cells. The system setup for chip tubeless was show the stability of performance and 
high cell viability. With features of low cost, tubeless, high capture efficiency and viable capture make this device 
potentially useful in capture of rare cell and subsequent analysis . 
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ABSTRACT
Circulating tumor cells (CTCs), which are detached from primary cancer and circulate in peripheral blood, are 

known to cause the metastatic cancer. Therefore isolation of CTCs can serve as a powerful tool for cancer prognosis, 
diagnosis of minimal residual disease, assessment of tumor sensitivity to anticancer drugs, and personalization of 
anticancer therapy. In this paper, we introduce the parallel multi-orifice flow fractionation (p-MOFF) device which is 
connected by four single MOFF channel for the isolation of CTCs from whole blood of the metastatic breast cancer 
patients. For the experimentation of feasibility, we separated over 90% of human breast cancer cell line (MCF-7, 
MDA_MB_231 cells), and eliminate 90.80 % of WBCs from individual experiment at 600 µL/min inlet flow rate 
and 240 µL/min outlet flow rate. Based on this result, we have attempted to isolate CTCs from whole blood under 
the same conditions. Then we identify CTCs using immune staining method. Because our devices do not require any 
labeling processes (e.g. EpCAM antibody), heterogeneous CTCs can be isolated regardless of EpCAM expression. 

KEYWORDS
Circulating tumor cell, Metastasis, Flow fractionation, and Breast cancer 
 

INTRODUCTION
Circulating tumor cells (CTCs) are shed by both primary and metastatic cancers and circulate in peripheral blood. 

They are known to mediate the hematogenous spread of cancer to distant sites. Consequently, pathological and 
molecular analysis of these cells can be exploited to find the characteristics of cancer. However it is difficult to 
isolate CTCs from whole blood because these cells are extremely rare with counts of 1 to 10 CTCs per ml in the 
whole blood of metastatic cancer patients. [1]  

Most approaches of CTC isolation are grounded on epithelial cell adhesion molecule (EpCAM) antibodies based 
detection. Because CTCs have heterogenetic features, the EpCAM expression on cell surface is downregulated in 
some tumor types. [2] Detection techniques that use the anti-EpCAM affinity molecule may lose considerable 
amounts of EpCAM negative expressed CTCs. This can be a very crucial limitation in CTC analysis as the cancer 
cells are very heterogeneous. 

In a previous study, we introduced a novel hydrodynamic method for size-based particle separation, multi-orifice 
flow fractionation (MOFF), in which the microparticle is moved laterally due to inertial force generated in a series of 
contraction/expansion micro structure. [3, 4] Different sizes of particle can be separated depending on the range of 
the channel Reynolds number (Rec). This method is expedient for CTC isolation because of the fast operational flow 
rate (100~300μl per min) and non-labeling separation.  

In this study, we designed the parallel MOFF device (p-MOFF), which is connected by four single MOFF 
channels, to handle the large volume of blood sample (>7.5ml) within half an hour and isolate CTCs from whole 
blood of the metastatic breast cancer patient. 

 
PRINCIPLE

The parallel multi-orifice flow fractionation (p-MOFF) consists of an inlet, a filter, four parallel multi-orifice 
segment and outlets. The multi-orifice segment is an alternating series of contraction and expansion channels, 
through which particles are separated by the momentum-change-induced inertial force. Within each of MOFF 
channels, relatively smaller WBCs than CTCs split into two positions, and CTCs focused at the center of the channel. 
Consequently, at the end of the channels, the WBCs go to the outlets for waste, and the CTCs were collected in the 
outlet for CTC (Fig. 1). In previous research, we studied the separable flow rate zones of differently sized particles 
according to varying dimensions of the orifice channel [3]. When the channel Reynolds number reached 70, MCF-7 
cells are successfully separated from a spiked blood cell sample. Based on this study, we chose a channel dimension 
of 70 channel Reynolds number. The width and length of the contraction channels are 60μm and 150μm, respectively, 
while those of the expansion channels are 300μm in both of them. The designed depth of the micro-channel is 60μm. 

 
EXPERIMENTAL

Breast cancer cell lines (MCF-7, MDA_MB_231 cells) were incubated under ordinary cell culture conditions. 
Cells were trypsinized, washed with PBS and resuspended in PBS containing 3% BSA. WBCs were processed using 
density gradient separation. Blood of metastatic breast cancer patient under a IRB-approved protocol were used for 
CTC analysis. Human blood sample (7.5 ml) was collected into vacutainer tubes containing the EDTA and was 
processed within 6 hours. For the p-MOFF separation using lysed blood, RBC lysis buffer (Qiagen, Chatsworth, CA) 
was added to whole blood in 1:10 v/v ratio and incubated for 10 minutes at room temperature. Following 
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centrifugation at 600G for 10 minutes, the supernatant was removed and the pellet re-suspended in 10 ml PBS 
containing 3 % BSA. 

We used two syringe pump (KDS200, KD Scientific, Massachusetts) to generate a continuous and stable micro 
flow. The 10 mL syringes were connected to inlet for the prepared sample injection and outlet for withdrawal. The 
flow rate of inlet was 600 μL/min, and the flow rate of outlet was 240 μL/min. The flow rate of inlet was derermined 
by the channel Reynolds number as 70 at MOFF’s contraction channel and the flow rate of outlet was adjusted as 
40 % of total inflow.  

 
Figure 1 (a) Schematic drawing of the overall process for the isolation of CTCs from cancer patients. (b) A 

cartoon presentation of separation principle. (c) Photographic image of the fabricated p-MOFF device.
 

RESULTS AND DISCUSSION
 We evaluated the separation performance of p-MOFF device with breast cancer cell line and WBC by counting 

the number of cells in each outlet. In the case of cancer cells larger than WBC, the streamlines were finely focused in 
the middle of the channel. We separated 93.75% of MCF-7 cells and 91.60 % of MDA_MB_231 cells and eliminate 
90.8 % of WBCs from individual experiment (Fig. 2). These values verify that the newly proposed p-MOFF is 
well-designed for parallel channel network. 

 

 
Figure 2. Separation yields and size distributions of isolated cancer cell lines.
 
Based on these results, we have attempted to isolate CTCs from whole blood (7.5ml) of the breast cancer patients 

under the same conditions (Fig. 3). After processing of blood from metastatic breast cancer patients on the p-MOFF 
device, cells were fixed on a slide glass and stained with DAPI for DNA content, PE conjugated pan-Cytokeratin for 
CTC, and APC conjugated CD45 for WBC (Fig. 2). Following imaging the slide glass, captured images were 
examined carefully with predefined criteria. Cell size and shape were also considered in cell characterization. We 
found the CTCs which are positive for DAPI, negative for CD45 and positive for Cytokeratin. When the blood 
samples of 24 breast cancer patients were subjected to our device, 1 to 21 CTCs were identified in 19 patients (Table 
1). 
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Figure 3. Fluorescent images of cells isolated using the p-MOFF device from (a) a metastatic breast cancer 
patient and (b) an adjuvant breast cancer patient.

Table 1 The number of CTCs in the blood of breast cancer patient counted using immunofluorescence staining 
after the p-MOFF device process.

CONCLUSION
The major advantages of the p-MOFF device include hydrophoresis and non-labeling. The number of intact and 

heterogeneous CTCs continuously collected by the device is expected to give researchers many opportunities to 
investigate the molecular nature of CTCs. 

Using breast cancer cell line, we separated 93.75% of MCF-7 cells and 91.60 % of MDA_MB_231 cells, and 
eliminate 90.80 % of WBCs from individual experiment at 600 µL/min inlet flow rate and 240 µL/min outlet flow 
rate. Based on this result, we isolated the CTCs from whole blood of the metastatic breast cancer patients. When the 
blood samples of 24 breast cancer patients were subjected to our device, 1 to 21 CTCs were identified in 19 patients. 
We believe the p-MOFF provides evidence for the potential as a powerful tool for cancer diagnosis and prognosis.  
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ABSTRACT 
Microfluidic cell separation and sorting techniques have been widely studied with relevance to cell biology research 

or various diagnostic and therapeutic applications. This work describes the development of a label free, low cost, high 
throughput device which uses cross flow filtration in order to fractionate particles based on size. The device is a 
multicompartment device with porous membranes of varying poresizes incorporated between the compartments within 
the microfluidic device to perform staged filtration where nonhomogenous cell mixtures are fractionated into different 
compartments and collected for further analysis. By varying the poresize between compartments, particles larger than the 
pores cannot pass through the membrane to the adjacent compartment and are selectivity enriched. This device was tested 
by infusing a mixture of polymer particles of varying sizes and a collected sheep’s blood sample to examine size 
selectivity and particle recovery efficiency where white blood cells and platelets were selectivity enriched.  
      
KEYWORDS 
Microfluidic, Cell Separation, Hydrodynamics, Blood Analysis, Size Separation  

 
INTRODUCTION 

Cell separation devices are used in various biomedical applications to identify individual cell types within a mixed 
population, enrich a single cell type into subpopulations of similar types for downstream diagnostic analysis or 
therapeutic applications. Blood analyses, in particular, requires the separation of different components such as red blood 
cells, (RBCs), white blood cells, (WBCs), platelets and cell-free plasma for analysis or DNA purification from WBCs. 

In this work, we present the development of a label free, high throughput, microdevice using a staged cross flow 
filtration module which fractionates particles based on size. The separation mechanism of the devices uses different pore 
size membranes incorporated between each compartment as physical barriers to fractionate particles from the sample 
specimen so that the size of particles which are to pass through to, or to are blocked from the next compartment is 
controlled and subpopulations can be collected for further analysis. The devices are designed to maximize filtration 
surface area with high level of cell presentation to the membrane pores.  

 
DESIGN AND FABRICATION 

The microfiltration device is fabricated with standard soft lithography techniques from polydimethylsiloxane 
(PDMS) microchannels bonded to semipermeable polycarbonate membranes coated with a solution of 

3-aminopropyltriethoxysilane (APTES) [1]. This approach was 
previously used and developed to separate plasma from whole 
blood cells using a single membrane [2]. In order to create the 
multicompartment device, different pore sized membranes 
were aligned across the microfluidic structures in order to 
create the multicompartment structure. A prototype device 
containing 3 membrane pore sizes of 5 m, 2 m and 400 nm
is schematically shown in Figure 1. The device is designed so 
that the lowest stringency filtration will occur at the left inlet 
reservoir with a progressively smaller pore sized membrane 
used in each compartment from the left to right through the 
device to increase the filtration stringency. Samples are infused 
through the left channel and the filtrates are recovered from 4 
different outlets. Since particles are excluded from passing 
between layers if they are larger than the membrane pore size, 
cell mixtures can be depleted and fractionated by size into 
different compartments and samples can be collected from the 
outlets for further analysis.  

EXPERIMENTAL  
A particle suspension containing 15 m, 3 m and 710 nm polymer fluorescent beads was infused through the device 

at 40 L/min for 20 minutes and samples were collected at each outlet for particle counting. Next, whole sheep’s blood 
(Hemostat Labs, Dixon, CA) containing a white blood cell population in a concentration of 6.34×107cells/mL was 
infused into the device at 60 L/min during sample collection. The device was first primed with anticoagulant heparin 
(300 IU/L) at 10 L/min for 10 minutes prior to blood infusion to prevent membrane clogging. The device was perfused 
from a 1 mL reservoir via a peristaltic pump (Model P720, Instech Laboratories, Plymouth Meeting, PA). Figure 2 shows 

Figure 1. Schematic of the prototype device showing 
the individual compartments and flow path. The 
structure incorporates 5 m, 2 m and 400 nm 
poresized membranes to separate different 
compartments. 
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a photograph of the device during blood infusion. The blood was infused through the bottom left inlet channel. The first 
outlet was recycled back to the 1 mL blood reservoir to allow a continuous cell separation. An equal volume of the blood 
sample was added back to the reservoir in order to prevent depletion of the reservoir. Filtrate samples were collected in 
10 minute fractions from each outlet and analyzed using a Coulter Counter (Model Z2, Beckman Coulter Inc, Brea, CA) 
to study the recovered cell populations for cell size distribution and concentration in each filtrate sample.  

        
RESULTS AND DISCUSSION 

Figure 3 shows the particle selectivity of the device when a particle suspension 
containing 15 m, 3 m and 710 nm beads was infused through the device. No 
filtration occurs at outlet 1, so all three different sized particles were recovered 
(15 m larger green, 3 m smaller green and 710 nm small pink particles). At outlet 
2 the solution was filtered across the 5 m membrane and only the 3 m and 
710 nm particles were recovered. At outlet 3, the solution was filtered across the 
2 m membrane, and only 710 nm particles were recovered. Finally, at outlet 4 only 
fluid was recovered following filtration across the 400 nm membrane. After 
recovering the samples from each outlet, each particle concentration was counted 
and compared to their inlet concentration. Figure 4 quantifies the recovery 
efficiency of particles in the device where particles smaller than the membrane pore 
size were depleted from the originate compartment and recovered in a downstream 
compartment while larger particles cannot pass through the membrane barriers.  

Recovery efficiency was characterized by normalizing each outlet 
concentrations to the original infusion sample concentration. At outlet 1, ~80% of 
the 15 m particles, ~60% 3 m particles and ~82% of 710 nm particles were 
recovered. At outlet 2, ~50% of 3 m particles are recovered and ~60% 710 nm 
particles were recovered. At outlet 3, only the 710 nm  particles were recovered 
with ~15% efficiency. At outlet 4, there were no particles and only fluid was 
recovered.  
 

 

 
 

 

   
Next, the sheep’s blood was perfused through the device as described above. The RBC concentrations collected at 

each outlet were examined (Figure 5). Due to the smaller size of the sheep red blood cell compared to human (~35 fL, 
4-5 m diameter for sheep and ~80 fL, 7-8 m diameter for human), red blood cells can freely pass through the 5 m 
membrane and were recovered at outlet 2. At outlet 3 which incorporated a 2 m pore size membrane, the RBCs 
recovered are smaller than the mean of the whole blood population (mean volume ~30 fL). This is thought to be a result 
of the high perfusion flow rate and RBC deformability so that smaller cells squeeze through the membrane pores. Only 
plasma was recovered from outlet 4 which incorporated the 400 nm pore sized membrane with no cellular contamination.   

The platelet and WBC concentrations recovered from the different outlets were also examined (Figure 5). Blood 
samples collected from each outlet were processed by lysing the RBCs using Zap-OGLOBIN II lytic agent (Beckman 
Coulter Inc, Brea, CA) for a more accurate platelet and WBC analysis. Platelets and white blood cells were recovered 
from outlet 1 because no filtration occurred. Since most of the WBCs cannot pass through the 5 m membrane into outlet 
2 only the smaller platelets were recovered from outlet 2 showing a further sub fractionation of the non-erythrocyte 
components of the blood. White blood cells were not detected at the downstream compartments at outlet 2, 3 and 4 
showing size selectivity of the device. Platelets have volumes of less than 25 fL and therefore are small enough that they 
are depleted from the first compartment and recovered in the second compartment and were enriched at outlet 2 (Figure 
6). Very few platelets were recovered from both outlet 3 and 4.  
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Figure 2. Photograph of the 
device while infusing sheep blood.  
The first outlet was recycled back 
to inlet reservoir to yield 
continuous cell separation. Both 
the top (serpentine channel 
structure) and bottom structures 
(wide channels) are labeled and 
are separated by the membranes. 

Figure 3. Micrographs showing selectivity of the 
device. Samples were collected and images were 
acquired using epifluorescent microscopy. 
 

Figure 4. Recovery efficiency of the 
microfiltration device. 
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Figure 6 displays the platelet and white blood cell recovery and enrichment efficiency of the device. Samples were 
collected at three different time points, 10, 20 and 30 minutes after the blood perfusion started. All the samples were 
normalized to blood cell reservoir concentration when the experiment started. The white blood cell recovery efficiencies 
are greater than 100% because of recycling the samples from outlet 1 back to the reservoirs allowing WBC concentration 
to occur. After 10 minutes, ~100% of the white blood cells are recovered at outlet 1 and less than 1% of WBCs were 
detected at outlet 2 with no cells detected at outlet 3 or 4 indicating no contamination of non-erythrocytes within those 2 
streams. At 20 minutes, ~210% of WBCs were recovered from outlet 1 which indicates the WBCs doubled their 
concentration due to enrichment with minimal cells detected at outlets 2, 3 and 4. After 30 minutes, ~280% of white 
blood cells were recovered from outlet 1, almost 3 times enrichment than the original WBC concentration without cell 
contamination at outlets 2, 3 and 4. From Figure 6 (right), after 10 minutes perfusion,~42% of platelets were recovered 
from outlet 1 and the remaining 56% of platelets were recovered from outlet 2 and ~2% recovered from outlet 3 with no 
cells detected at outlet 4. After 20 minutes, ~25% of platelets were recovered from outlet 1, ~70% of platelets recovered 
from outlet 2 and <1% recovered from outlet 3 and no cells detected at outlet 4. After 30 minutes, ~9% of platelets were 
left at outlet 1, ~90% of platelets recovered from outlet 2 and ~1% recovered from outlet 3 and again no cells at outlet 4. 
Thus, the smaller platelets were depleted from outlet 1 by passing through the 5 m pore sized membrane and enriched at 
outlet 2. By recycling the blood sample from outlet 1, the device also shows the ability to enrich larger cells such as 
WBCs at outlet 1 while depleting smaller cells such as RBCs and platelets filtered into outlet 2 and cell free plasma can 
be obtained from outlet 4 demonstrating the ability to fractionate the blood based on cell size. Further experiments could 
incorporate different pore sized membranes to perform more selective fractionation (e.g., RBCs from platelets). 

 

CONCLUSION  

This work demonstrates the feasibility of fractionating differently sized particles via a staged filtration device which 
could be beneficial to various biomedical applications. This device can enrich different blood components such as 
platelets or white blood cells for clinical diagnostics. Future work will investigate the use of an actively controlled 
pneumatic pumping layer which could be incorporated with the device under the bottom microchannel layer to increase 
the filtration efficiency and to prevent membrane clogging by actively pushing cells out of pores. 
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Figure 6. (Left)White blood cell recovery and (Right) Platelets cell recovery efficiency at different time points. 

 

Figure 5. Components of sheep’s blood recovered at device outlets after 10 minutes of device perfusion (Left) Red 
blood cell, (middle) white blood cell and (left) platelets counts analyzed via coulter counter at each outlet. 
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ABSTRACT
We present a simple and rapid microfluidic device capable of extracting and concentrating the parasite causing the fatal 

disease sleeping sickness (SS) from blood. The device is based on deterministic lateral displacement (DLD) and constructed 
with a single inlet with flow induced by an ordinary syringe. The simplicity is crucial as the device is intended for use in the 
resource depraved areas where the disease is endemic. With only one inlet an intricate design with multiple depths has 
been utilized to create a cell free stream from the blood plasma into which the parasites are forced and subsequently 
collected in a detection region. In order to maximize the sample volume up to 10 device layers were stacked on top of each 
other which resulted in a throughput of ~10 µL/min. This allowed for an approximate time per test of below 15 min.

KEYWORDS
High-throughput, multilayered, shape sorting, point-of-care, deterministic lateral displacement, separation science.

INTRODUCTION
SS is a disease caused by the protozoan parasite Trypanosoma brucei with the tsetse-fly as vector, injecting the 

parasite into the blood stream of a human. The parasites proliferate in the hemolymphatic system during stage 1 infection. 
In stage 2 of the disease the trypanosomes invade the central nervous system, causing increasing neurological dysfunction, 
including severe sleeping disorder which has contributed to the name of the disease. [1] We have previously shown a 
device capable of separation of parasites and blood cells. [2] In the current work, throughput has been increased greatly 
by optimization of the flow rates and stacking multiple devices achieving the first stacked separation in a DLD device.
Furthermore, cells that exit the device to the trypanosome outlet are captured in a sieving structure which allows for easy 
verification of the result. Due to the flow being induced by a simple syringe and the fact that separation in a DLD device 
is based on passive hydrodynamic interactions; no power source is needed for the analysis. Consequently, this device has 
a clear potential of being of use in the remote areas where the disease is endemic. [3]

Today, advanced machines for accurate and relatively quick diagnosis of SS exist but their bulky sizes and 
requirement of electricity makes them hard to put into field use. Instead, manual microscopic examinations of blood 
smears is often used, which is very time consuming with poor detection limit due to a parasitemia down to 500 per mL. [3]
This stands in stark contrast to the blood cell concentration, mainly red blood cells (RBCs) at ~5.109 per mL blood.

Figure 1. (A) Illustration of size-based separation in a DLD device where the radii of spherical particles determine if 
the particle is displaced or not. In this specific array the radius of the orange particle is larger than the critical radius 
of the array while the green particles radius is below the critical radius. (B) In the device presented herein we control 
the orientation of the particles in order to control what dimension while be measured in the device. Three sections are 
used, the first is deep which act, together with the shear field of the fluid, to minimize the size of these non-spherical 
particles. The second section is very shallow, acting to maximize the particles effective sizes and consequently they are 
easily displaced. In the final section, the depth is increased to being above the diameter of the RBCs which minimizes 
their effective size. The rotation of the longer trypanosomes is however still hindered to some degree and will still have 
an effective size larger than the critical radius of this section.
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THEORY
Our method is based on DLD, first demonstrated for size-based sorting [4] and recently shown by our group to have 

the potential for shape [5] and deformability-based [6] sorting. In short, DLD consist of an ordered array of obstacles. The 
laminar flow together with interactions with the array forces particles into specific trajectories through the device. Small 
particles follow the overall flow direction while larger particles continuously interact with the array constantly displacing 
them in the same direction. (Figure 1A) The smallest size at which a particle will be displaced is known as the critical 
radius. For non-spherical particles the orientation will have an impact on its effective size, i.e. the radius a spherical cell 
which follows the same trajectory would have.

By decreasing the channel depth we can control the orientation of non-spherical cells. The device consists of three 
different sections, each with its own specific task. (Figure 1B and 2) Section 1 is deep which means that the shear field of 
the fluid act to minimize the non-spherical cells effective sizes. Here, the large spherical white blood cells (WBCs) and 
other cells large enough to clog the preceding sections are sorted out. Section 2 is shallow in order to maximize the 
effective size of all particles as their rotation is hindered. Consequently the particles can easily be laterally displaced 
towards the sides of the channel, opening up a cell-free stream in the center. In section 3 the depth is optimized so that 
only the larger trypanosomes are displaced, this time towards the cell-free center stream where they exit the device to the 
trypanosome outlet and subsequently immobilized in a sieving structure for easy read-out.

EXPERIMENTAL
The device was constructed in PDMS by soft lithography. The master for replica molding was constructed in three 

separate cycles of UV-lithography of SU8, where each layer corresponds to the specific depth in each section. In order to 
maximize the throughput, and consequently minimize the time of analysis, up to ten devices were stacked on top of each 
other with precise microscopic alignment. (Figure 3B) Pressure series were carried out in order to see at what flow rates 
the separation starts to decrease. These, first part of the measurements, were carried out with human blood spiked with a 
to-human nontoxic relative to the Trypanosoma brucei parasite, namely the Trypanosoma cyclops. After these initial tests,
further analyses were performed with the Trypanosoma brucei parasite in order to verify our findings. In all of the 
experiments presented herein the blood was diluted 5 times while the trypanosomes where kept at a high concentration 
(~100/µL) to acquire good statistics of the device performance.

RESULTS AND DISCUSSION
The cell sorting carried out at different flow rates show that there is a point above which the separation efficiency 

starts to decline. (Figure 4A) Due to the deformability of the cells, high flow rates will act to decrease their effective 
size. For RBCs this effect stems from section 2, where high flow rates act to disperse a fraction of the cells, which is 
interesting in itself, instead of focusing them along the side of the channel. For trypanosomes the decrease in separation 
efficiency is also a result of avoiding being laterally displaced in section 3. Due to the huge fraction of RBCs in the 
samples, a high specificity is needed. Consequently, the tests with Trypanosoma brucei where carried out at 0.6 
µL/(min·layer) to achieve the lowest fraction of RBCs possible in the trypanosome outlet. (Figure 4B) The resulting 
fraction of cells exiting through the center outlet is 98.4% of the trypanosomes and 96.1% of the RBCs. This implies 
that T. brucei has a larger effective size than our model organism, T. cyclops, resulting in higher sensitivity. The few 
parasites which exit to the RBC outlet can be compensated for by simply analyzing a marginally larger volume. With 
Poisson statistics we need to analyze 145 µL to have a 1 in a million risk for a false positive, which currently would 
take less than 25 minutes. With further optimization of the device design we hope to achieve even higher flow rates and 
consequently lower the time of analysis.

Figure 2. Illustration of the DLD device used herein. Three different sections are used, each with its specific purpose
and depth. In the deep section 1 the WBC and other cells too large to enter the preceding sections are sorted out. The very 
shallow section 2 maximizes the effective size of all the cells making it easy to laterally displace them to the sides of the 
channel, opening up for a cell-free stream in the center. Section 3 is deeper than the diameter of the RBCs acting to 
minimize the effective size of the RBCs while the longer trypanosomes continue to be displaced, this time towards the 
center trypanosome outlet
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Figure 4 (A) Graph showing what fraction of the different cell types that exit through the center outlet to the detection 
region. It can be seen that too high flow rates act to decrease the separation efficiency. (B) The distribution of T. brucei
and RBCs at the end of the device when running the device at 0.6 µL/(min·layer). Cells between the dotted lines exit to 
the detection region.
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Figure 3 (A) Image of the entire setup with a simple syringe driving the sample through the 10 layers of the device. Here, a 
normal cell-phone is being used; this is the envisioned method of read out in the future during field-operation. (B) An 
SEM-micrograph of the top four layers in a stack of ten devices which efficiently increases the throughput without 
increasing the device size.
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CONTINUOUS RARE CELL EXTRACTION USING SELF-RELEASING 
VORTEX IN AN INERTIAL MICROFLUIDIC DEVICE

Xiao Wang, Jian Zhou and Ian Papautsky
BioMicroSystems Lab, School of Electronic and Computing Systems

University of Cincinnati, Cincinnati, OH USA

ABSTRACT
This work presents an inertial microfluidic device for size-dependent continuous extraction of rare cells.  The 

design takes advantage of the inertial microfluidics concept to order cells in a high-aspect ratio rectangular channel 
followed by chambers for capture of large cells from cell mixture.  Captured cells exit from the side-outlet located at 
the corner of the chamber which enables continuous releasing.  Continuous particle and cell extraction were showed 
experimentally.  We expect this inertial microfluidic device could achieve continuous cell extraction with high 
selectivity, high throughput and without limitation on capture capacity. 
 
KEYWORDS: Inertial microfluidics, continuous rare cell extraction, self-releasing vortex 
 
INTRODUCTION

Cell separation, such as extraction of leukocytes or circulating tumor cells (CTCs) from blood, is a critical sample 
preparation step in cell biology and clinical diagnostics [1].  A variety of techniques for cell separation have been 
developed based on microfluidics, which can be divided into active or passive techniques.  Active techniques utilize 
external force, such as magnetic force [2], to separate cells providing high separation efficiency but requiring 
complicated external setups.  Passive techniques depend on the intrinsic properties such as hydrodynamic force [3] 
that are much simpler than active techniques.   

Among passive techniques, inertial microfluidics has been developing rapidly in recent years.  In this approach, 
inertial force is exploited for separating cells or microparticles purely based on their size.  Inertial microfluidic devices 
with various channel geometries, including spiral [4], serpentine [5], and straight channels, have been demonstrated for 
particle/cell ordering and size-based sorting.  The spiral inertial microfluidic devices reported by our group [4] offer 
high throughput and separation efficiency.  But restrictions on selectivity and sensitivity limit their use for rare cell 
extraction.  DiCarlo and colleagues [6] recently reported a rare cell extraction approach based on vortex trapping that 
is highly selective.  However, the system faces a number of shortcomings stemming from the need to switch flows to 
release trapped cells, which increases operation complexity.  The extraction capacity and efficiency are also both 
limited by the vortex dimensions.  Herein, we present a simple inertial microfluidic device using a self-releasing 
vortex that can achieve continuous rare-cell extraction with high selectivity and no limitation on capture capacity.  

DESIGN PRINCIPLE
Our system utilizes the inertial microfluidics concept to order cells in a rectangular microchannel, followed by a

chamber to trap large cells.  In the channel, cells experience shear lift force and wall lift force which balance each 
other so that the cells are focused into two streams. As cells arrive at the chamber region, the absence of the channel 
wall disrupts the force balance. Larger cells are pushed into the chamber due to the larger shear lift force on them while 
small cells pass through the chamber.  Instead of intact chamber structure, side outlets are added for continuous cell 
release from vortices (Fig.1a).  The concept of a self-releasing vortex was predicted by our CFD-ACE+ numerical 
model (Fig.1b).  The simulation indicates that side-outlet at optimized position does not inhibit vortex formation.  
The vortex, while forming in the chamber, was released simultaneously from the side-outlets forming dynamic steady  

 

 

 

 

 

 

 

 

 
 

 
Figure 1: Schematic of device principle (a). Balanced by the shear lift force and wall lift force, particle of the same size 
focuses at an equilibrium position.  The absence of the channel wall at the chamber region disturbs the force balance 
leading to the trapping of the particle into the vortex.  The side outlet perturbs the stability of vortex resulting in 
continuous releasing of particles. (b) ESI CFD-ACE+ simulation result demonstrating vortex formation and draining.  
(c) Proof of concept with fluorescent particle visualization.
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Figure 2. Superimposed fluorescent images demonstrating vortex formation with 0.19µm tracer particles (DAPI) and 

the behavior of 7.32µm particles (FITC) at increasing Reynolds number.   

 
 
state.  Experiments with 20µm fluorescent particles confirm the mechanism by trajectory visualization (Fig.1c). 

 
EXPERIMENTAL 

We used basic soft-lithography to fabricate the polydimethylsiloxane (PDMS) - based inertial microfluidic devices.  
In all the experiments, we injected fluorescent particles (Polyscience inc.) into the devices using a syringe pump 
(NE-1000, New Era Pump Systems, Inc.).  We captured fluorescent images or bright-field images with an inverted 
epi-fluorescence microscope (Olympus IX71) equipped with a 12-bit CCD camera (Retiga EXi, QImaging).  We 
added pseudo-color to the fluorescent images and superimposed the images in ImageJ.  

 
RESULTS AND DISCUSSION 

Continuous particle and cell extraction were demonstrated experimentally.  Evolution of the vortex was 
visualized by fluorescent tracers (0.19µm diameter, DAPI) as shown in Fig.2.  Vortex dimensions gradually increased 
and the vortex eye shifted right at increasing Reynolds number (Re).  Superimposed fluorescent images of 7.32µm 
particles illustrate motion induced by the vortex.  At low Re (Fig.2a,b), particles passed through the chamber region 
directly and there were no trapping happened in chamber region.  As Re increased (Fig.2c,d), particles experienced 
larger lift force leading to the trapping inside the vortex.  This trapping behavior is similar to the behavior reported by 
DiCarlo and colleagues [6].  In addition to the expansion for particle-trapping, two side-outlets were added to enable  
 

 
 
Figure 3: (a) stacked images exhibiting the trapping and releasing of 20µm particles.  Fluorescent images at inlet (b) 

and chamber (c) demonstrated inertial focusing and continuous extraction of 15.5µm particles (TRITC) from 7.32µm 

particles (FITC).  (d) The relation between particle size, threshold trapping Re and Re for efficient extraction. 
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self-release of trapped particles to eliminate the trapping capability limitations.  The clear trajectories in chambers 
illustrate that particles were released from the side-outlets after travelling within the vortices.   

Simultaneous trapping and releasing of 20µm particles were observed in bright field (Fig.3), clearly indicating the 
behavior of individual particles.  Particle extraction began at a threshold Re that decreased from 170 to 100 as particle 
diameter increases from 7.32 to 20µm.  The Re for observation of steady fluorescent trajectory was defined as Re for 
efficient extraction which follows a similar trend as threshold Re (Fig.3e).  Particle concentration for these 
quantitative experiments was kept constant at 2×104/mL.  Continuous extraction of larger particles from a mixture can 
be achieved under proper Re (Fig.3c-d).  The 15.5µm particles were continuously trapped and extracted from the side 
outlets, while 7.32µm particles pass through.  We also expect a 1:100,000 selectivity and 1 cell/mL sensitivity based 
on our previous work of intact chamber geometry which utilizes the same trapping mechanism.   

 
 

Figure 4: (a) Blood spiked with 20µm particles.  Both ~15µm cell and 20µm particle were trapped into chamber 

while red blood cells passed through.  (b) Blood experiment.  Stacked image indicated the orbit of cell in the vortex.  

Cell exits from the side outlet after circulating in the vortex for certain amount of time. The inset figure shows a 

monocyte collected from the side outlets. The scale bar is 20µm. 

 

In experiments with spiked blood samples, diluted blood (1000×) sample spiked with 20µm particles was used for 
demonstration.  Both 20µm particles and WBCs were trapped (Fig.4a) and released from side outlets, while RBCs 
passed through the chamber region and exited from the main outlet.  Continuous cell extraction from blood sample 
was also demonstrated (Fig.4b) confirming feasibility of cell extraction.  

CONCLUSIONS 

In conclusion, we have successfully demonstrated a size-based cell separation system that exhibits a number of 
advantages such as continuous extraction, high throughput (1mL/min), high selectivity and no trapping capacity 
limitation.  The approach has the potential for continuous extraction of either rare cells, e.g. CTCs (1-10/mL) or cells 
with low concentration, e.g. leukocytes (5,000-10,000/mL), which is critical in cell biology research and clinical 
diagnostics. 
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ABSTRACT 
  In this work we present data showing deformability-based cell separation in a deterministic lateral displacement 
(DLD) device. We use cells of defined stiffness (glutaraldehyde cross-linked erythrocytes) to test the performance of 
the device across a range of cell stiffness and applied shear rates. Optical stretching is used as an independent 
method of quantifying the stiffness of the cells, thus allowing better understanding of the DLD system for 
deformability based cell separation. Displacement is shown to correlate with cell stiffness as measured across a 
range of flow rates. Data showing how the isolation of leukocytes from whole blood varies with shear rate is also 
presented.  
 
KEYWORDS: deterministic lateral displacement, cell deformability, blood, optical stretching, shear rate 
 
INTRODUCTION 
  Deterministic lateral displacement (DLD) is a powerful technique for high resolution continuous cell sorting, 
based on size [1-5]. DLD devices consist of arrays of pillars arranged at an angle with respect to the direction of 
fluid flow. Objects smaller than a critical size move in the direction of flow (i.e. along the channel axis) and objects 
larger than the critical size move in a direction defined by the pillar arrangement (i.e. they are laterally displaced). 
For hard spherical objects the operation of the device is straightforward. However, biological objects (e.g. cells) are 
often soft and non-spherical and their deformability and shape are known to influence the trajectories in DLD 
devices [3,5]. Our group and others have recently developed microfluidic DLD devices capable of sorting cells 
according to both size and stiffness.  
  Cell stiffness is an important emerging bio-marker for a number of disease states. For example, metastatic cancer 
cells are softer than healthy cells; malaria infected cells get progressively stiffer with parasite growth. The ability to 
sort bulk samples of cells based on both size an inherent cellular mechanical properties has a number of applications 
in diagnostics and clinical medicine.    
 
EXPERIMENT 
  Deterministic lateral displacement devices were cast in PDMS from DRIE processed silicon wafer masters. PDMS 
and glass cover slides were treated to an O2 plasma and bonded to form the microfluidic channels. Prior to bonding 
inlet and outlet holes were punched for fluidic access. Depending on the experimental sample devices were 
fabricated with either 4 micron tall pillars (erythrocyte work) or 15 micron tall pillars (leukocyte separation). Figure 
1 shows the multi-stage DLD device used in this work, as well as photomicrographs showing the trajectories of latex 
beads (rigid spheres) at different positions along the device and at the outlet. Size based fractionation is clearly seen 
for a mixture of bead sizes run simultaneously. For the applied pressures used in this work (0 – 1100 mBar) there 
was no appreciable variation in the bead displacement as observed at the outlet of the device. 
 

 
Figure 1: [A] Schematic of DLD separation device showing multiple sections each with a characteristic critical 
particle size. [B] Silicon master for casting PDMS devices. [C] Section through a PDMS device showing pillars. 
Depending on the cell type under study the height of the pillars was varied: ~4 microns tall pillars for erythrocytes 
work and ~15 microns for whole blood. [D] Micrographs showing bead trajectories at different points along the 
device. 
 
  Prior to sample introduction the devices were primed with PBS containing 0.1% Pluronic F108. Blood samples 
were obtained via finger prick. 50µL of whole blood was collected and the cells were washed 3 times in PBS 
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containing 0.1mM EDTA. Two experimental systems were investigated: (i) glutaraldehyde treated erythrocytes: cell 
samples were resuspended at 1x106 cells per mL in the required concentrations of glutaraldehyde (0 – 0.01% in PBS) 
and incubated at room temperature for 45 minutes to allow crosslinking of the cells. The samples were then washed 
3 times in PBS and resuspended in PBS. Glutaraldehyde treatment leads to the cross-linking of membrane associated 
proteins in the erythrocyte and a resulting stiffening of the cell. (ii) Leukocyte isolation from whole blood: whole 
blood was dilute 1:20 in PBS containing 0.1mM EDTA and incubated with CellTraker dye (1µM CMFDA, 
Invitrogen) for 15 minutes. Samples were introduced into the device and imaged either under brightfield or 
epi-fluorescence illumination using a cooled CCD video camera (ORCA-ER, Hamamatsu). Images were recorded 
and particle trajectories were analysed using bespoke image analysis software written in Mathematica. 
 

 
 
Figure 2. [A] Schematic of optical stretching setup. [B] Microscope images of trapped and stretched erythrocytes 
with different levels of glutaraldehyde crosslinking. [C] Stretching curves for erythrocytes with various levels of 
glutaraldehyde crosslinking. [D] Digital holography images showing quantitative phase change of untreated (0%) 
and “highly” treated (0.1%) erythrocytes. [E] Treated cells show a slight increase in refractive index – 
corresponding to <1% change in stretch measurement across the concentration range. 
 
  For optical stretcher experiments sample were treated as described above. The optical stretcher consists of a 
two-beam arrangement of counter propagating laser beams to capture and stretch single cells. The light power in 
both beams was held at 100mW to trap individual cells. When transiently increased to 600mW, the increased 
radiation pressure deforms the cell. Figure 2[A-B] shows a schematic of the optical stretcher setup and images of 
erythrocytes undergoing stretching. Treatment with different concentrations of glutaraldehyde leads to a well-define 
increase in cell stiffness. Figure 2[C] shows data from the cell stretching experiments for a range of different 
concentrations of glutaraldehyde (45 minutes incubation at room temperature). Quantitative phase measurements, 
using digital holographic microscopy (figure 2[D-E]) showed a negligible increase in refractive index of cells treated 
with glutaraldehyde; with even extremely high levels (0.1%) of glutaraldehyde treatment introducing <1% error into 
the stretch measurement.  
 

 
Figure 3: [A] Photograph of the outlet of the DLD device showing separation of RBCs of different stiffness (mixture 
of 0% and 0.01% glutaraldehyde fixed erythrocytes). Histogram shows cell distribution at outlet for a mix of 
untreated and glutaraldehyde treated RBCs (displacement direction reversed with respect to figure 1). [B] 
Photographs of the outlet of the DLD device showing displacement of untreated erythrocytes at different flow rates 
(increasing flow rate from left to right). [C] Variation in lateral displacement versus flow rate for erythrocytes of 
different stiffness. 
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  Figure 3[A] shows the outlet of the DLD device showing the continuous separation of RBCs of different stiffness. 
The histogram shows the distribution at outlet for a mixture of untreated and 0.01% glutaraldehyde treated cells. 
Figure 3[B] shows how the distribution (lateral displacement) of cells at the outlet decreases with increasing shear 
rate for unfixed erythrocytes. Figure 3[C] shows characteristic data for the displacement of erythrocytes with 
different levels of fixation and thus stiffness. High resolution microscopic imaging of treated cells under no flow 
conditions showed no difference in size between treated and untreated cells. 
  Separation and washing of leukocytes from whole blood is an important application of DLD devices. Figure 4 
shows how separation of leukocytes from other blood constituents (plasma, platelets, erythrocytyes, etc.) is effected 
by shear rate. 

 
Figure 4: [A] Microscope image showing separation of leukocytes from whole blood using DLD. Leukocytes are 
labeled with CellTraker dye (bright cells on the right of the image). Erythrocytes are not displaced and run straight 
through to the leftmost outlet. [B] Lateral displacement of leukocytes as a function of flow rate. Displacement 
decreases as flow rate increases, due to cells deforming under shear 
 
DISCUSSION AND CONCLUSION 
    Cell stiffness is an important emerging bio-marker for a number of disease states (e.g. metastatic cancer cells 
are softer than healthy cells; malaria infected cells get progressively stiffer with parasite growth stage). The stiffness 
of the chemically modified RBCs cells used in this work is similar to that of erythrocytes infected with the malaria 
parasite P. falciparum (also measured via optical stretching [6,7]), thus demonstrating the potential of using the DLD 
technique as a method for isolating malaria infected cells from blood and promise for development of diagnostics. 
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ABSTRACT 
Here, we demonstrate a label-free particles/cells separation technique using interdigital transducers. The 
separation device is an integrated microfluidic chip and utilizes the contrast in the acoustic properties of a 
continuous liquid phase and the objects contained therein, so it can separate particles and cells based on the 
differences of many properties such as volume, compressibility, and density. Our non-invasive acoustophoresis 
based separation method shows extremely high separation efficiency and has potential significance in 
biomedical and diagnostic applications.  

KEYWORDS
Particle separation, cell separation, surface acoustic waves, microfluidics, lab on a chip. 

INTRODUCTION 
To date, many methods capable of particle and cell separation in microfluidic systems, such as centrifugal 

methods [1], magnetic force [2], hydrodynamic force, dielectrophoretic (DEP) [3], and bulk acoustic waves 
(BAW) [4] have been developed. These methods have pioneered many new avenues to on-chip cell separation; 
however, they also suffer from drawbacks such as limited control, low cell viability and proliferation and/or 
requirements on bulky equipments. DEP and BAW based separation methods suffer from specific 
requirements on the conductivity and density of medium. Here we introduce a microfluidic separation device 
using tilted standing surface acoustic waves (SAWs). Our approach can separate particles/cells using tilted 
standing SAW without labeling or medium modification. Previously we demonstrated continuous polystyrene 
beads separation through standing surface acoustic wave (SSAW)-induced acoustophoresis in a microfluidic 
channel [5]. However, the separation efficiency in our previous study [5] is only 85%, and has not shown any 
cells study. Built upon our previous work, here we demonstrated an improved cells separation technique that 
achieves a high separation efficiency of 95% or higher. 

 
Figure 1: Schematic and working mechanism of the SAW-based cell separation device 

EXPERIMENT 
The SAW-based cell separation device (Fig. 1) consists of a polydimethylsiloxane (PDMS) channel 
and a piezoelectric substrate with a pair of interdigital transducers (IDTs). The channel locates in 
between the two IDTs in the 1-dimensional (1D) standing wave field. Applying AC signals to the 
IDTs generated two series of identical-frequency surface acoustic waves (SAWs) which propagated 
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in opposite directions toward the channel. The constructive interference of these two SAWs resulted 
in a standing SAW in the area where the microchannel was bonded. Such standing SAW field 
consists of a series of pressure nodes parallel to each other, called 1D pressure nodes. Fig. 2 is an 
optical image of the cell separation device. When the particles enter the standing SAW field, they 
will be pushed to the parallel 1D pressure nodes. Simultaneously, the hydrodynamic force will push 
the particles along the flow direction. Since the acoustic force is proportional to the particle size, 
they will be pushed towards the sidewall across the channel with different velocity. Particles with 
different size will travel along different distance. Larger particle will travel farther, as shown in 
figure 1. By optimizing the amplitude of SAW and the flow rate, we can ensure that the acoustic 
force is large enough to push large particles out of the small particles flow stream in the standing 
SAW region. 

 
Figure 2: An optical image of the SAW-based cell separation device.

 
Figure 3: The sepaeration of human red blood cell (RBC) and platelet. When the power is off (a) human BRC 
and platelet are mixed, when power is on (b), BRC and platelet are separated and go to different outlet 
channel. 
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Figure 3 shows the separation process of human red blood cell (RBC) and platelet under phase contrast 
microscope. The bright large cells are human red blood cells, and the black small cells are platelets. 
When the standing SAW field is off, both small and big particles are mixed and follow the flow to 
lower outlet channel (Fig. 3 a). When the standing SAW field is on, big particles are extracted from 
the main stream and move to upper channel (Fig. 3b), while the small particles remain in the original 
flow and go to lower outlet channel. The separation efficiency is defined by the ratio of cells 
collected in the outlet to the cells in the inlet. Our preliminary experiments demonstrate a separation 
efficiency of ~95% for red blood cells and a separation efficiency of ~100% for small platelets. The 
separation efficiency is plotted in figure 4. The data was collected through cell counting based on the 
recorded video. 

 
Figure 4: Separation efficiency of cells in each outlet channel based on preliminary results. 

Our SAW-based particle separation method features high separation efficiency, low power 
consumption, easy fabrication and handling, low cost, versatility, and rapid response time. It is able 
to separate particles based on the differences of many properties such as volume, compressibility, 
and density. These characteristics, including the label-free feature, make our method promising in 
many biomedical, chemical, and diagnostic applications. 
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ABSTRACT
We report a 3D PDMS microfluidic pulsed laser triggered fluorescence activated cell sorter for high purity and 

high throughput cell sorting. It is capable of sorting at a throughput of 10,000 beads/sec with 76% purity in a single 
channel. It is realized by exciting laser induced cavitation bubbles in a 3D PDMS microfluidic channel to create high 
speed liquid jets to deflect detected fluorescent particles. The ultrafast switching mechanism (20 μsec complete on-
off cycle), small liquid jet perturbation volume, and the 3-dimensional sheath flow focusing for accurate timing 
control of fast (2 m/sec) passing particles are the three critical factors enabling high purity sorting at high throughput.

KEYWORDS
FACS, flow cytometer, pulsed laser, cavitation bubble, PDMS microfluidic channel, 3D sheath flow  

INTRODUCTION
Various microfluidic FACS systems [1-3] have been demonstrated in the past decade aiming to provide a fully 

enclosed environment for sterile, contamination and infectious free sorting, and better downstream microfluidic 
integration for further analysis after sorting. The biggest challenge of μFACS systems, however, is the low sorting 
throughput and purity compared with commercial aerosol based FACS (90% purity at 20,000 cells/sec). Our group 
recently proposed a novel sorting mechanism called Pulse Laser Activated Cell Sorter (PLACS) aiming to bridge the 
gap of the throughput and purity between μFACS and aerosol FACS [4]. Our prior PLACS utilizes 2D sheath flow 
focusing and is able to achieve 90% sorting purity at 3000 cells/sec with high cell viability, but the sorting purity 
drops to 45% at 10,000 cells/sec due to the lack of the third dimension focusing. This creates synchronization issue
between particle detection and switching at high speed flow and decreases the switching efficiency.   

Here, we present a 3D PLACS (Fig. 1) that utilizes multilayer PDMS with vertical vias to achieve 3D sheath 
focusing. This not only solves the synchronization issue between detection and switching but also allows efficient 
particle switching using a smaller bubble and a shorter on-off switching cycle. 3D focusing solves the three critical 
parameters in high speed and high purity sorting, the synchronization timing, small perturbation volume, and short 
on-off switching cycle.

Fig. 1 Schematic of a 3D PLACS. 3D sheath flow focusing is achieved by multilayer PDMS structures with vertical 
vias connecting channels in different layers. Detected fluorescence particles are deflected into the collection channel 
by high-speed liquid jets induced by rapidly expanding laser cavitation bubbles to squeeze fluid across a micro 
nozzle.
EXPERIMENT

The device consists of a main channel with two outlets, collection and waste (Fig. 1). Utilizing thin film PDMS 
fabrication process, hydrodynamic flow focusing can be realized in 3D. Samples are focused into the waste channel
initially. When fluorescent particles flow through the detection zone, as the fluorescence are collected by a 25X N.A. 
0.4 objective lens, detected by a PMT (photodetector module P30CWAD5-01 SENS-TECH) and signal processed by 
a NI DAQ card, a laser pulse (Q-switched Nd:YVO4, 8 nsec in pulse width, 532 nm in wavelength) is triggered to 
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activate a bubble through a 100X N.A. 0.9 objective lens with a proper delay time.  
Fig. 2b demonstrates a bubble with 160 μm in diameter creating a high-speed jet to deflect a fluorescence particle 

into the collection channel. At 5 μsec, the bubble expands to its largest size which induces a liquid jet through the 
nozzle and causes ~ 100 pL perturbation. With this perturbation, detected fluorescent particles are deflected into the 
collection channel (Fig. 2d). The bubble collapses and fully disappears within 20 μsec. 

Fig. 2 Particle switching triggered by a focused laser pulse. (a) (b) Time-resolved images showing a jet created by a 
bubble. The maximum diameter of the bubble is 160 µm at 5 µsec delay; (c) fluorescent trace of a particle without 
switching and (d) of a particle when switching is triggered.

Laser pulse energy, nozzle design and the time delay to trigger the bubble are critical parameters in PLACS for 
high purity sorting. Fig. 3 presents the switching time window between detection and laser activation, and its 
relationship with pulsed laser energy and nozzle design. An optimal switching condition of using a 160 μm bubble 
excited by an 81 μJ laser pulse and with a nozzle 20 μm wide and 50 μm long has been used for sorting with laser 
trigger delay set to achieve the maximum switching efficiency. A switching efficiency of 97% and a small switching 
window ~25 μsec has been accomplished (Fig. 3b).

Fig. 3 (a) Switching efficiency at different pulse energy and delay time. Larger pulse energy generates a larger 
bubble for higher switching efficiency but also a larger switching window that could deflect nontarget particles into 
collection. (b) Optimization of the nozzle design helps increasing the switching efficiency yet narrowing the 
switching window using a smaller bubble for high purity sorting.

The sorting is performed using mixed polystyrene beads with initial green fluorescent beads purity of 2.3% and a 
final concentration of 4×106 beads/ml for 1000 beads/sec throughput and 4×107 beads/ml for 10,000 beads/sec 
throughput. The samples after sorting are collected and confirmed by a conventional flow cytometer (FACSCantoII, 
BD). A final purity achieved is 90% at 1000 beads/sec throughput and 76% at 10,000 beads/sec throughput. 
Compared to our prior 2D PLACS, the sorting purity has increased from 45% to 76% at a throughput of 10,000 
beads/sec (Table. 1).
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Fig. 4 Sorting results. With initial mixture of 2.3% purity, a final purity of 90% is achieved at a throughput of 1000 
beads/sec and 76% at a throughput of 10,000 beads/sec.

Table 1. Comparison of 3D PLACS with 2D PLACS. 

Device Throughput Final  collection purity 
3D PLACS 1000/sec 90%
3D PLACS 10,000/sec 76%
2D PLACS 3000/sec 90%
2D PLACS 10,000/sec 45%

In Sum, by utilizing 3-dimensional sheath flow focusing, the particle position is more precisely controlled, which 
contributes to the improvement in the sorting purity from 45% to 76% at 10,000 beads/sec throughput and at 2 m/sec 
particle speed. 
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ABSTRACT 
The separation and/or extraction of particles and cells based on size is an essential step in the life sciences.  

Here we demonstrate a novel platform that is capable of simultaneously performing on-chip pumping and 
trapping/separation of particles based on size.  We demonstrate that the trapping efficiency can be controlled by 
varying the voltage applied to the external transducer.  Furthermore, we demonstrate the enrichment of 5 µm 
polystyrene particles from 10 µm particles.   
 
KEYWORDS 
Particle/cell trapping, particle/cell separation, acoustic microstreaming, point of care 

 
INTRODUCTION 

In the life sciences the ability to separate and/or extract particles and cells based on size is an essential step for 
research, diagnostics and therapeutics.1, 2  Microfluidic based separation techniques offer many advantages, including 
the processing of small sample volumes, faster sample processing, lower cost and enabling development of portable 
platforms.1, 2  Although numerous methods of separation have been demonstrated, a platform that is capable of 
simultaneously pumping and separating particles based on size will be important in realizing a true point-of-care 
system. 
 

Acoustic microstreaming within microfluidic devices have the capability of generating a significant amount of 
trapping force.3  Air Liquid Cavity Acoustic Transducers (ALCATs) are dead-end side channels that are in the same 
plane as the microchannels themselves.  When the device is filled with liquid, ALCATs trap bubbles creating an 
air-liquid interface that can be excited by an external acoustic energy source.  The oscillations of the membrane will 
generate a first-order periodic flow which will induce a steady second-order microstreaming flow.  Based on the angle 
of the ALCATs, the acoustic microstreaming generates a bulk flow in the microchannel (Figure 1).   

 
Figure 1: Streak image of ALCAT pump: Due to the angle of the ALCATs to the main channel a bulk flow is 

generated in addition to the acoustic microstreaming flow. 
 

The vortices generated are also capable of trapping particles and cells.4  This is due to the fact that shear gradient 
lift forces within the vortices cause particles to flow towards the center of the vortex.5  This shear gradient lift force is 
dependent on the size of the particles, with larger particles experiencing a greater force.  In fact, the shear gradient lift 
force scales between a3 and a4, where a is the particle diameter.5  Therefore, the balance between viscous forces of the 
“bulk flow” and the “trapping vortices” will enable selective trapping (or sorting) of particles based on size.  

 
EXPERIMENT 

The microfluidic device is fabricated using standard soft lithography techniques using PDMS and bonded to a 200 
µm thick glass coverslip using plasma.  The device is allowed to recover its hydrophobic properties overnight in a 
120°C oven.  30 µL of polystyrene bead solution (solution density ≈ bead density = 1.050 g/cm3) is pipetted in the 
inlet and a vacuum is pulled at the outlet to fill the channel up to the indicated area in Figure 2.  The device is coupled 
to a piezoelectric transducer using ultrasound gel.  A 44 kHz square wave is applied to the piezoelectric transducer 
which pumps the fluid from the inlet to the outlet as well as traps the particles in the vortices.  The voltages applied to 
the piezoelectric transducer determine both the bulk flow velocity and the acoustic microstreaming velocity 
simultaneously which result in different particle trapping efficiencies.  The particle suspension is removed from the 
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outlet and the bead concentration is determined using a hemocytometer and compared to the inlet concentration.   
Two separate experiments were performed.  First, in order to characterize particle trapping, solutions of either 5 

µm or 10 µm beads at a concentration of ~1000 particles/µL were flowed through the system.  The ratio of the outlet 
to inlet concentrations was calculated to obtain a trapping curve.  Second, to demonstrate particle separation by size a 
mixed solution of polystyrene beads (5 µm and 10 µm of ~1000 particles/µL each) was placed at the inlet and a similar 
process as above was used to determine the outlet concentration.  The data was used to characterize the extraction 
efficiency of 5 µm particles from 10 µm particles. 

 

 
Figure 2:  Design of ALCAT trapping device: Particle solution is pulled via applying vacuum to the outlet reservoir 
until solution arrives at the location indicated by the red line.  Device is then placed on a piezoelectric transducer 

using ultrasound gel. 
 

RESULTS AND DISCUSSION  
Results of the particle trapping characterization are shown in Figure 3.  This data demonstrates that larger particles 

are trapped with higher efficiency within the microstreaming vortices compared to smaller particles.  Smaller 
particles tend to occupy larger orbits within the vortices making them more likely to be influenced by viscous forces 
due to the bulk flow.  This allows them to be released more readily to the outlet.  However, increasing the voltage 
applied to the piezoelectric transducer simultaneously increases the bulk flow velocity and the microstreaming 
velocity allowing larger particles to be released to the outlet as well, although to a lesser extent. 

 
Figure 3: Characterization of particle trapping.  Particle trapping decreases linearly as the applied voltage is 

increased.  Data also demonstrates that larger particles are trapped more readily compared to smaller particles. 
 

Results of particle separation by size are shown in Figure 4.  Here, we observe that 5 µm particles can be 
efficiently extracted from 10 µm particles.  The data shows that at an applied voltage of 15 Vpp there is approximately 
a 9-fold enrichment of 5 µm particles from a solution of 5 µm and 10 µm particles with an initial concentration ratio of 
1:1.   
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Figure 4: Results of particle separation.  Smaller particles can be efficiently enriched from larger particles.  

Approximately a 9-fold enrichment of 5 µm particles from a solution of 5 µm and 10 µm particles (1:1 ratio of 
concentration) can be achieved at 15 Vpp applied voltage. 

 
The almost two fold increase in concentration of 5 µm particles at the outlet for the particle separation by size 

experiments (Figure 4) compared to the particle trapping characterization experiments (Figure 3) at 15 Vpp could be 
attributed to the fact that as more 10 µm particles get trapped and occupy more space within the vortices, this 
contributes to more 5 µm particles flowing into the outlet well.  Figure 5 shows a micrograph of particle separation 
with an applied voltage of 15 Vpp. 
 

 
 
CONCLUSION 

We demonstrate the ability to utilize the acoustic microstreaming generated by the on-chip ALCAT pump platform 
to perform particle separation based on size on µL sample volumes.  The observation that smaller particles occupy 
larger orbits within the microstreaming flow allows for the enrichment of 5 µm particles from 10 µm particles by a 
factor of 9.  We aim to characterize this separation platform to determine how differences in solution density vs. 
particle density will impact separation efficiency.  Furthermore, the authors will aim to characterize the platform for 
cell separation based on size. 

 
ACKNOWLEDGEMENT 
The authors acknowledge financial support from the DARPA S&T Program (HR0011-06-1-0050) through the 
Micro/Nano Fluidics Fundamentals Focus (MF3) Center. 
 
REFERENCES 

1. A.A.S. Bhagat, H. Bow, H.W. Hou, S.J. Tan, J. Han and C.T. Lim, Medical and Biological Engineering and 
Computing, 2010, 48, 999-1014. 

2. D.R. Gossett, W.M. Weaver, A.J. Mach, S.C. Hur, H.T.K. Tse, W. Lee, H. Amini and D. Di Carlo, Analytical 
and Bioanalytical Chemisty, 2010, 397, 3249-3267. 

3. P. Rogers and A. Neild, Lab on a Chip, 2011, 11, 3710-3715. 
4. A. Doria, M.V. Patel and A.P. Lee, in The 15th International Conference on Miniaturized Systems for 

Chemistry and Life Sciences (uTAS 2011), Seattle, Washington, 2011, pp. 1882-1884. 
5. A.J. Mach, J.H. Kim, A. Arshi, S.C. Hur and D. Di Carlo, Lab on a Chip, 2011, 11, 2827-2834. 

 
CONTACT 
Maulik V. Patel at mvpatel@uci.edu 

A 

Flow 

B 

Flow 

Figure 5: Micrograph of particle separation with applied voltage of 15 Vpp. A) Inlet - Mixed population 
of 5µm and 10µm particles. B) Outlet – 5µm particles (blue circles) flow through to the outlet with a 

few 10µm particles (red circle)
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Figure 1 Schematic of the basic principle of the droplet sensors. The slightly 

water-permeable carrier oil serves as a semipermeable membrane. 
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ABSTRACT 

We here report on label-free cytotoxicity screenings in picoliter-sized droplets, applying our recently described 

method for label-free detection of chemical reactions inside of microdroplets [1]. Our method is based on the osmosis-

driven size change of droplets, linking concentration changes of solutes inside a droplet to the droplet’s size. 

Furthermore, we present a modification of the sensor system which accelerates the rate of the droplets’ volume change 

and simplifies the investigation of growth dynamics. 

 

KEYWORDS: Droplet, label-free, Sensor, Osmosis, Diffusion, Reservoir, Gel  

 

INTRODUCTION 

Digital microfluidics offers various benefits for biological assays: individual droplets comprising small amounts of 

cells serve as micro-reactors which only require a small amount of reagents and allow for high throughput systems with 

thousands of experiments performed in parallel. However, the reliance on markers for analyzing the droplets’ contents 

raises technological difficulties (e.g. performing washing steps in droplets) and limits the range of applications. 

Therefore, label-free methods for the analysis of droplets are needed. Recently, we presented a method which allows for 

droplets themselves being used as sensors and doesn’t require any labels [1]. 

Our system exploits the osmosis-

driven size change of droplets 

containing differing amounts of 

solutes: Driven by osmotic pressure 

differences between the droplets a 

pressure compensating net flow of 

water into droplets of higher 

osmolarity arises. These droplets grow 

in size, whereas the droplets of lower 

osmolarity shrink (Figure 1). Since 

digestion or synthesis of molecules by 

an active entity, e.g. cells, alters the 

amounts of substances and thus the 

osmotic pressure, the droplet’s size 

change is directly correlated to the 

reactions inside the droplet. Therefore, 

chemical reactions inside the droplets 

can be followed without the use of any 

labels. 

The size change of yeast filled 

droplets was first observed by Schmitz 

et al. while incubating monodisperse 

droplets, some of them containing 

yeast cells [2]. After several minutes, 

shrinkage of yeast containing droplets 

occurred. The same system was then 

used by Joensson et al. to demonstrate a method for size separation of microdroplets [3]. More recently, we presented the 

first proof of osmosis being the underlying mechanism of the droplets’ size change [4]. We quantified the osmosis-driven 

size change both experimentally and theoretically [1], using droplets containing various fixed amounts of saccharose or 

yeast cells in growth medium. Furthermore, we showed that the shrinkage of droplets containing viable yeast cells is due 

to their metabolism lowering the osmolarity. Most recently, Boitard et al. focused on the metabolism of the yeast causing 

the size changes, and showed that the sensor method can also be applied to detect activity of bacteria and enzymatic 

systems [5]. 

We here report on the first application of the droplet sensor technique to cytotoxicity screenings and furthermore 

present an optimization of the sensor system. 
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CYTOTOXICITY SCREENINGS 

For the cytotoxicity assays presented here, monodisperse microdroplets are generated with a nozzle-like structure 

made of PDMS (Polydimethylsiloxane) by means of softlithography. We use a perfluorocarbon oil with 20 mM of 

Krytox PEG600 surfactant as continuous phase and yeast cell suspensions (saccharomyces cerevisiae in YPD growth 

medium) with or without the toxin Glutaraldehyde (GA) as dispersed phase. The droplets are put in an incubation and 

observation chamber which is sealed with gas-tight glue. The methods used are more precisely described in [1]. As a 

control experiment shows, any amounts of encapsulated living cells lead to droplet shrinkage (Figure 2). Figure 3 shows 

examples for the two types of assays performed: Either the toxin is washed out prior to droplet production, which allows 

for an easy quantification of the toxicity (ideally there’s only one cell encapsulated per droplet), or it remains inside of 

the droplets to investigate time-dependent effects. In case the toxin was washed out and some cells were still alive after 

incubation, shrinkage of droplets occurred. With the toxin inside, none of the droplets showed shrinkage, even at very 

low toxin-concentrations which in bulk medium rendered less than 10% of the cells nonviable after 4 hours. For 

investigation of possible explanations, experiments with other cytotoxic substances are planned. 

 

 

 

 

 

 

 

 

 

OPTIMIZING THE SENSOR SYSTEM  

To accelerate the size change of the droplets and render the dynamics of the volume change of each droplet 

comparable, we modified the sensor system by adding an agarose gel of predefined osmolarity to the observation 

chamber. The gel is situated at the top of the incubation chamber so that all droplets are in direct contact (Figure 4a), 

minimizing the diffusion pathways. In addition, since the volume of the gel is several orders of magnitude bigger than the 

volumes of all droplets combined, the osmolarity of the gel is assumed to be constant over time. Both lead to a faster 

volume change of the droplets compared to the basic system without reservoir. A further advantage of this kind of 

dedicated, well-defined reservoir is that the size change of one droplet is (in first approximation) independent of the 

neighboring droplets and therefore the dynamics of the droplets’ volume changes are comparable. 

The set-up of the incubation chamber is similar to those described in [1], except an agarose gel with 1 to 5 mm height 

is added to the chamber. The gel is prepared by mixing 5 % w/v agarose with a 500 mM saccharose solution (or whatever 

solution yields the desired osmolarity), heating the mixture in a microwave at 700 W until it is bubble-free, and pouring it 

in a PDMS ring of the desired height on a silanized glass slide. Then a second glass slide is pressed on top and the 

mixture is allowed to gel for 30 minutes at room temperature. Afterwards the gel is peeled off and put on top of a glass 

slice with some glass spacers and the droplet emulsion. Finally, the chamber is closed with a second glass slice and 

sealed with gas tight glue. 

First experiments show that isoosmolar droplets remain stable in size for at least 24 hours (Figure 5 b), whereas 

droplets differing from the agarose gel’s osmolarity change their size according to theoretical predictions (Figure 5 c). 

For example, using a 500 mM saccharose agarose gel and 100 mM saccharose droplets with an initial mean radius of  

t = 48 h 

Figure 3 (a) Size changes of droplets filled with yeast, which was incubated for 5 min in 0.5% GA prior to droplet 

production. (b) Droplets filled with yeast and 0.01% GA remain stable in size, because the permanent presence of 

the toxin renders the yeast cells nonviable. (All scales: 30 µm) 

 

a 

t= 40 h t = 0 h t = 15 h 

b 

Figure 2 Control experiment: initially monodisperse droplets comprising yeast cells after 48 h incubation. Dead cells 

are labeled with propidium iodide (red in micrograph). Droplets containing viable yeast cells (red bars in histogram) 

can be separated from empty droplets (blue) and droplets containing exclusively dead cells (pale blue). (Scale: 30 µm) 
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ri = 22.5 ± 0.5 µm results in a final mean radius rf= 13.0 ± 0.5 µm after 30 hours of incubation. Assuming Vf = 1/5 * Vi 

holds in equilibrium state, one obtains a final radius rf = ri / 5
1/ 3 

= 13.2 µm, which is in very good agreement with the 

experiment. 

Compared to multi-layer PDMS approaches [6], the agarose gel set-up is easier to construct and also allows a variety 

of molecules other than water to diffuse through the gel. For further optimization of the sensor system in terms of water 

exchange rates, the effect of various oil and surfactant types could be investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OUTLOOK 

Applying the droplet sensor system to label-free cytotoxicity screenings and live-dead-assays yields easy to interpret 

quantitative outputs: thousands of experiments with binary outcome (droplet shrinks or doesn’t) performed in parallel 

allow for a statistical interpretation of the results. The generality of this approach which only requires a normal light 

microscope for data analysis renders this method interesting for a broad scope of applications, e.g. investigating 

antimicrobial resistances. By microfluidic size separation of the droplets, even on-chip analysis is feasible. Furthermore, 

the principle of using droplets as sensors isn’t limited to osmosis-driven size changes. For example, one may think about 

using functionalized surfactants, which either crosslink upon binding of a substrate and thereby alter the droplet’s 

elasticity or raise or lower the surface tension of a droplet, causing coalescence or splitting of droplets. Both approaches 

link biochemical reactions inside a droplet to a physical parameter of the droplet, namely the elasticity or just plain 

existence, and therefore also facilitate on-chip analysis. 
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Figure 4 (a) Schematic of the observation chamber containing an agarose gel. (b) 500 mM saccharose droplets in con-

tact to a 500 mM saccharose saturated agarose gel at t = 0 (top) and after 24 hours (bottom). No size change is visible. 

(c) Shrinkage of 100 mM saccharose droplets in contact to a 500 mM agarose gel after 30 hours. (All scales: 20 µm). 
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ABSTRACT 
    We propose a multistep branched-microchannel network structure to provide a useful technique for realizing 
purity-controlled blood cell/plasma separation in microfluidics-based separation devices. The present multi-step 
branching concept is aimed at mitigating the contamination problem due to the incomplete separation during the 
pre-treatment process in biochemical assays. In this report, a prototype is fabricated using PDMS and its 
effectiveness is examined through pig blood separation tests. It is successfully demonstrated that the blood plasma 
could be significantly purified with a series of branch-channel bifurcations.  
 
KEYWORDS 
Plasma skimming, Branched microchannel, Multistep, Purity  

 
INTRODUCTION 

Recently, microfluidics-based separation techniques [1, 2] have been widely employed in various biomedical 
applications including point-of-care (POC) diagnostic devices [3]. However, when the sample volume is minute in 
the order of micro liter, the sample contamination due to the incomplete separation during the pre-treatment process 
may often deteriorate and impede the biochemical assay. Therefore, in plasma skimming devices, there is a strong 
need for a remedy to control the purification of yielded plasma according to the required level especially in severe 
assays. In this report, we propose multistep branched-microchannel network to provide a useful technique for 
realizing purity-controlled blood cell/plasma separation. For optimizing the channel structure, we investigate the 
plasma layer thickness in straight PDMS microchannels, and show the measurement results presently obtained for 
various flow condition. Then, results of pig blood separation tests are presented, showing the effectiveness of our 
multi-step branching concept.  

 
MULTISTEP BRANCHING CONCEPT 

Figure 1 shows the present concept of blood plasma skimming with multistep branching mechanism. The whole 
blood is supplied from the inlet of the main channel and the plasma component is extracted from the outlet of the 
branch channels [4]. In microfluidic channels considered here, the Reynolds number is extremely low (below unity), 
so that the motion of fluids is characterized by steady laminar flow and small particles move along the streamlines.  
When small solid particles are considered, the particle trajectory at a bifurcation is determined by whether the 
particle’s center is located in the inflow layer (“plasma layer”) to the branch channel.  

Conventionally, the branching structure is designed such that the plasma layer thickness (Lpl) is larger than the 
inflow layer thickness (Lin) at each bifurcation as shown in Fig. 1(a). With increasing the margin (ΔL = Lpl − Lin), the  
 

(a)    (b)   

(c)  
Figure 1: Present concept of blood plasma skimming with multistep branched-channel network: (a, b) relation 
between the inflow layer and plasma layer thickness, (c) schematic of the multistep branching mechanism. 
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(a)  
 

(b)  (c)  
Figure 2. Measurement of the plasma layer thickness in straight microchannels: (a) Plasma layer formation in a 
PDMS microchannel (width w  = 30 µm, depth h  = 30 µm, Ht = 11.25%, flow rate Q  = 10 µl/min), (b) Plasma layer 
ratio for different channel width and flow rates, (c) Plasma layer ratio for different channel width and hematocrit. 
The channel depth is kept constant at 30 µm. 
 
 
risk of unexpected intrusion of cell components to the branch channel can be lowered at the penalty of reduced 
plasma recovery rate [2]. The present concept is shown in Fig. 1(b), where Lpl < Lin at the bifurcation. The present 
multistep branching network as shown in Fig. 1(c) is based on the following concept: the cell intrusion is allowed in 
some portion at each bifurcation, but the purity of the plasma could be controlled with successive bifurcations of the 
branch channels. The cell intrusion rate at every bifurcation is assumed to be constant at X% in volume. By 
increasing the number of branch channels (Nch), the total amount of plasma yield is increased. By increasing the 
number of branching steps (Nstep), on the other hand, the plasma purity and cell concentration level at each outlet can 
be regulated in a more robust way if compared to the single-step structure.  
 
RESULTS AND DISCUSSION 

For efficient use of the Fåhræus effect (cell aggregation into the channel core) [5] in microfluidics-based plasma 
skimming, we examine the effect of the channel size and flow condition upon the plasma layer formation in PDMS 
channels. The sample solution is pig blood with varied hematocrit values. The blood flow distribution inside the 
channel is observed with a high-speed camera, and the plasma layer thickness is obtained by processing a series of 
gray-scale images. Figure 2 (a) shows a typical snapshot captured in the measurement. The measured plasma layer 
thickness versus the channel width for different flow rates and hematcrit values is shown in Figs. 2(b) and 2(c). The 
plasma layer is clearly formed along both sides of the channel wall when the channel width (w) is less than 300 µm. 
It is seen that the plasma layer thickness is increased for the larger flow rate and smaller hematocrit value. Most 
importantly, the ratio of the plasma layer thickness to the channel width is found to become increasingly large for 
smaller channel width. In the meantime, the channel width should be larger than some critical value in order to 
prevent the hemolysis. Here, we set as w = 58 µm for the first main channel from the inlet, based on the estimated 
shear rate under the present condition.  

Figure 3 shows the experimental results of pig blood separation using the present multistep branched-channel 
network. The present prototype is fabricated with soft lithography using PDMS. In the present design, the number of 
branch channels and branching steps is defined as Nch = Nstep = 2 (Fig. 3a). The cell intrusion rate at each bifurcation 
is set as X = 1%. The width of the branching channels is set equally to ~ 20 µm, and the length of each channel is 
designed based on an electrical circuit model. In the separation test, the flow rate is chosen as Q  = 10 µl/min, and as 
the sample solution, the pig blood diluted with saline solution is prepared (Ht ~ 22.5, close to the human blood).  

The snapshots at Spot I and Spot II during the separation test are shown in Figs. 3(b) and 3(c). The cell 
distributions at Outletc1 and Outletp2 are also shown in Figs. 3(d) and 3(e). The number density of blood cells at each 
outlet is summarized in Fig. 3(f). We performed the separation test 3 times, and the averaged value is presented in 
the figure. The tendency of the present experimental result is in reasonable agreement with our design strategy. At 
Outletc1 and Outletc2, the cell component is concentrated due to the plasma skimming to the branch channels. The 
cell concentration is highest at Outletc1. On the other hand, at Outletp1 and Outletp2, the plasma is expectedly purified 
after 2-step bifurcation. The purification level is highest at Outletp1. The present technique is quite simple and would 
be useful in providing purity-controlled blood plasma for the subsequent diagnostics and biochemical assays. 
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(a)  (b)   (c)  
 

(d)    (e)  
   (f)  

Figure 3: Experimental results of blood plasma separation for the inlet sample of pig blood: (a) Present design with 
2-step bifurcation of 2-line branch channels (X =1%), (b) bifurcation at Spot I, (c) bifurcation and merging at Spot 
II, (d) cell distribution at Outletc1, (e) cell distribution at Outletp2, (f) number density of blood cells at each outlet. 
 
 
CONCLUSION 

A multistep branched-microchannel network structure is proposed in order to provide a useful solution for 
realizing purity-controlled blood cell/plasma separation. A prototype is fabricated using PDMS and its effectiveness 
is examined through pig blood separation tests. It is successfully demonstrated that the blood plasma could be 
significantly purified with a series of branch-channel bifurcations. The present technique is believed to be a viable 
tool for furthering the conventional plasma skimming technique and blood analysis systems. 
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ABSTRACT 
    We report the spatiotemporal control of a 3D coculture by combining photocurable and chemically degradable 
hydrogels for coculture of embryonic stem (ES) cells with HepG2 cells. ES cells were encapsulated in 
micropatterned photocurable poly(ethylene glycol) (PEG) hydrogels. The cell-laden PEG hydrogels were then 
encapsulated in calcium-alginate (Ca-Alg) hydrogel containing HepG2 cells. The ES cells in the PEG hydrogels 
were then cocultured with the HepG2 cells in the Ca-Alg hydrogel for 4 days. The Ca-Alg hydrogel containing 
HepG2 cells was degraded by exposure to sodium citrate solution and the HepG2 cells were removed. ES-derived 
cells were then cultured in differentiation media. 

KEYWORDS 
Embryonic stem cells, Cardiac differentiation, Micropatterning, Coculture, Hydrogel. 

INTRODUCTION
Conventional cell culture technique utilizes 

two dimensional (2D) monolayer culture system 
with spatially uniform and static environments. 
This 2D culture system lacks the heterogeneity and 
dynamics that exist in vivo. Recently, many 
research groups have reported the construction of 
3D microstructures of hydrogels by means of a 
top-down approach using photocurable materials 
[1-5].  Others have used a bottom-up approach to 
construct 3D microenvironments using cell 
assembly and hydrogels [6-9]. Furthermore, 
numerous methods have been developed to 
dynamically control intracellular interactions and 
cell migration on two-dimensional (2D) surfaces. 
However, none of these techniques can be applied 
to dynamically control the 3D microenvironment. 

Anseth et al. reported that photodegradable 
hydrogels composed of poly(ethylene 
glycol)-di-photodegradable acrylate (PEGdiPDA) 
could be used for spatiotemporal control of 3D 
microstructures [10]. They encapsulated cells to 
maintain their viability and successfully 
demonstrated cellular responses to the dynamic 
environment. However, their synthetic material is 
not commercially available and the equipment they 
used is not available in most biology laboratories. 

Here, we report the spatiotemporal control of a 
3D coculture environment by combining 
photocurable and chemically degradable hydrogels. 
This chemically degradable hydrogel is more 
biocompatible and convenient, and less expensive, 
for use in 3D cocultures compared with the 
synthetic photodegradable crosslinker, PEGdiPDA 
[10]. We applied our dynamic 3D micropatterned 
coculture to the coculture of mouse embryonic 
stem (ES) cells with HepG2 cells, the conditioned 
media of which induces early-stage differentiation 
of ES cells [11]. 

Figure 1: Schematic of the dynamic 3D micropatterned 
coculture. (a) In the 1st step culture, ES cells in 
photo-curable-PEG are cultured with HepG2 cells in a Ca-Alg
hydrogel for 4 days. In the 2nd step culture, the ES cells are 
cultured without the HepG2 cells, which are removed after the 
Ca-Alg hydrogel is degraded for 16 days. (b) Encapsulation of
ES cells in the photocurable PEG hydrogel. (c) Encapsulation 
of HepG2 cells in the Ca-Alg hydrogel. (d) Degradation of the 
Ca-Alg hydrogel and removal of HepG2 cells after the 1st step 
culture for 4 days. 
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EXPERIMENT 
Dynamic 3D micropatterned coculture 

Fig. 1 shows the dynamic 3D micropatterned 
coculture. Mouse ES cells were encapsulated in the 
micropatterned photocurable PEG hydrogels (Fig. 1b). 
Calcium-alginate (Ca-Alg) hydrogel containing 
HepG2 cells was formed around the cell-laden PEG 
hydrogels (Fig. 1c). These cells were cocultivated 
under 3D coculture conditions for 4 days in 
Dulbecco’s Modified Eagle Medium (DMEM) 
containing 10% FBS. The Ca-Alg hydrogel was then 
degraded by exposure to 50 mM sodium citrate 
solution in DMEM for 10 min (Fig. 1d), which 
allowed the 3D coculture environment around the ES 
cells to be dynamically controlled. After degradation 
of the Ca-Alg, the ES cells were cultivated without 
HepG2 cells for 16 days in -Minimum Essential 
Medium containing 15% ES cell qualified-FBS to 
induce cardiac differentiation. 
 
Evaluation of cell micropatterning and viability 

To visualize the cells during dynamic 3D 
micropatterned coculture, ES and HepG2 cells were 
stained with CellTracker Green and CellTracker Red 
(Invitrogen), respectively. For staining, the cells were 
treated with CellTracker working solution for 30 min 
under adhesion culture conditions. After being washed 
with DMEM, the stained cells were incubated under 
growth conditions appropriate for the particular cell 
type. 

A calcein-AM/ethidium homodimer Live/Dead 
assay (Invitrogen) was used according to the 
manufacturer’s instructions to assess cell viability 
within the hydrogels. Images of the encapsulated cells 
were taken with a Nikon TE 2000U camera and spot 
advanced software. 
 
Evaluation of beating activity 

In the study of cardiac differentiation, PEG hydrogels containing beating colonies were counted on days 10, 12, 
14, 16, 18, and 20 of culture. All 96 hydrogels in the entire area of the glass slides were examined for beating 
colonies, and the percentage of hydrogels containing beating colonies was calculated. Data were compared using 
ANOVA followed by Bonferroni’s post-hoc test using GraphPad Prism 5.04 software. 

 
RESULTS AND DISCUSSION 

Dynamic 3D micropatterned coculture of ES cells with HepG2 cells was demonstrated by staining the cells with 
CellTracker reagent (Fig. 2). ES cells were encapsulated in the micropatterned PEG hydrogels and HepG2 cells were 
encapsulated in the Ca-Alg hydrogel arranged around the cell-laden PEG hydrogels (Fig. 2, Day 0). After cultivating 
these cells in 3D coculture condition for 4 days, the Ca-Alg hydrogel was degraded by exposure to sodium citrate 
solution, leaving the microarray of ES cells in PEG hydrogels. The 3D coculture environment around the ES cells 
could then be dynamically controlled (Fig. 2, Day 4). Dynamic 3D micropatterned coculture of ES cells with HepG2 
cells was successfully demonstrated without any cross-contamination of the two different cell types. Most of the 
HepG2 cells were removed from around the PEG hydrogels after the Ca-Alg was degraded. ES cells could thus be 
cultivated without HepG2 cells for further differentiation experiments. 

The encapsulated ES and HepG2 cells had good viability after encapsulation in the PEG and Ca-Alg hydrogels, 
respectively (Fig. 3, Day 0). The ES cells also had good viability after coculture for 4 days and degradation of the 
Ca-Alg hydrogel (Fig. 3, Day 4). The ES cells proliferated and migrated in the PEG hydrogels, and formed cell 
aggregates during coculture for 4 days. 

We investigated the effect of dynamic coculture on the differentiation of ES cells along the cardiac lineage 
compared with continuous monoculture, that is, cultivation without HepG2 cells, and with continuous coculture (Fig. 
4). In the 1st step culture, ES cells in coculture had better growth and were more likely to form cell aggregates 
compared with ES cells in monoculture. Also, we observed higher expression of FGF5, a gene marker for early-stage 
differentiation, and lower expression of Oct4, a gene marker for the undifferentiated state, compared with the 
monoculture (data not shown). These results indicate that soluble factors secreted by HepG2 are effective for 

Figure 2: Dynamic 3D micropatterned coculture in 
photocurable-PEG and Ca-Alg hydrogels. ES and HepG2 
cells were labeled with CellTracker green and 
CellTracker red, respectively. 

Figure 3: Live/dead assay through dynamic 3D 
micropatterned coculture. 
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early-stage differentiation and maintenance, as has been reported previously [11, 12]. 
Under dynamic coculture conditions, the HepG2 cells in the Ca-Alg hydrogel were removed by treatment with 

citric acid after the 1st step culture. Then, the ES cells in the PEG hydrogels were cultivated in cardiac 
differentiation media. During the 2nd step culture, we observed better growth of ES cells in the dynamic coculture 
than in the continuous coculture (Fig. 4). Furthermore, we observed better differentiation along the cardiac lineage in 
the dynamic coculture compared with the continuous coculture and monoculture, as indicated by the higher 
percentage of beating colonies. This better differentiation was probably due to the induction of early-stage 
differentiation by the soluble factors secreted by the HepG2 cells in 1st step coculture and by the lack of nutrients 
and accumulation of metabolic waste in the continuous coculture due to the high cell density after the growth of the 
encapsulated cells. 
 
CONCLUSION 

We proposed the dynamic 3D micropatterned coculture of ES cells with HepG2 cells in photocurable PEG and 
chemically degradable Ca-Alg hydrogels. We demonstrated temporal control of the 3D microenvironment by 
degrading the Ca-Alg hydrogel. We observed higher cardiac differentiation of ES cells in the dynamic 3D 
micropatterned coculture compared with continuous coculture and monoculture. This method offers a convenient 
approach to engineering complex cell-cell interactions in a 3D tissue construct in a spatially and temporally 
regulated manner. 
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Figure 4: Microscope image of ES cells during the 2nd step culture (Day 16). 
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MICROFLUIDICS-BASED FORMATION OF HETEROGENEOUS 
HYDROGEL SHEETS FOR HIGH-DENSITY COCULTURE OF 

MULTIPLE CELL TYPES

Aoi Kobayashi, Kenta Yamakoshi, Yuya Yajima, Masumi Yamada, and Minoru Seki
Department of Applied Chemistry and Biotechnology, Chiba University, Japan

ABSTRACT
Microchannel-combined micronozzle devices have been developed to precisely produce heterogeneous

hydrogel sheets for high-density coculture of multiple cell types.  The hydrogel sheet, composed of multiple 
regions with different different physical stiffness, regulates the growth direction of incorporated cells, forming linear 
heterotypic organoids inside the hydrogel matrix.  We successfully prepared stripe-shape and laminated hydrogels 
of 50–250 μm thickness and several-millimeter width.  Additionally, hepatocytes and non-parenchymal cells 
(NPCs) were cultured at high densities, mimicking microstructures of heterotypic organoids found in the liver, which 
resulted in the enhanced hepatic functions.

KEYWORDS
Hydrogel, Coculture, Hepatocyte, Alginate

INTRODUCTION
Cell cultivation in a controlled three-dimensional microenviroments is an essential technology for various 

biomedical applications including tissue engineering, stem cell research, cell-based drug screening assay, and 
physiological studies of cells.  Hydrogel matrices provide 3D environments for cells, and thus, researchers have 
proposed various types of heterogeneous hydrogel materials such as particles, fibers1,2, and other complicated 
structures3 by employing microfabrication and microfluidic techniques.  We have developed microfluidic systems 
to produce physically/chemically anisotropic alginate hydrogel microfibers and applied them to guiding cell growth1

and formation of heterotypic hepatic micro-organoids2.  Here we propose a new microfluidic approach to prepare 
anisotropic hydrogel sheets, which would be more suitable for mimicking in vivo tissues and would be advantageous 
as unit structures for constructing larger tissues by stacking.  As an application, we incorporated hepatocytes and 
non-parenchymal feeder cells to form arrays of heterotypic linear organoids, and examined if the coculture has the 
positive effects on the hepatocyte-specific functions.

EXPERIMENTAL SECTION
The microchannel system for preparing anisotropic 

hydrogel sheet incorporating different-type cells is 
shown in Fig. 1.  By introducing sodium alginate 
(NaA) solutions with and without containing cells into 
the microchannel and by extruding the recombined 
streams into the outer gelation solution, we are able to 
obtain hydrogel sheets incorporating arrays of parallel 
regions with different cells at high densities.  

In the experiment, we fabricated three- or four-layer 
PDMS microfluidic devices.  Fig. 2 shows a 
microdevice for preparing the stripe-shape hydrogel 
sheets.  There are three inlets; Inlet 1 for hepatocytes, 
Inlet 2 for NPCs, and Inlet 3 for the spacer solution.  
The flow with hepatocytes is divided into 16 streams, 
each of which was sandwiched by the flows with the 
NPCs.  The spacer flow separates the flow with the 
NPCs cells.  HepG2 and 3T3 cells were used as 
hepatocytes and NPCs, respectively.  Propylene glycol 
alginate (PGA), a non-gelling derivative of alginate was 
used to prepare the soft regions, which guides/regulates 
the growth direction of cells. HepG2 and 3T3 cells 
were suspended in 0.3% NaA and 0.9% PGA solution at 
a density of 3–7×107 cells/mL, whereas 2.0% NaA 
solution was used to prepare the spacer region.  The 
divided and recombined flows were extruded through a
thin micronozzle (50 μm × 2.5 mm) into a bath with a 
gelation solution.  To obtain straight hydrogel sheet 
with a uniform thickness, a roller with a diameter of 
~10 mm was used.

Figure 1: Schematic images showing the preparation 
procedure of the heterogeneous hydrogel sheet (top) and 
hepatic organoid formation in the soft/solid hydrogel 
sheet (bottom). NaA: sodium alginate, PGA: propylene 
glycol alginate.
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RESULTS AND DISCUSSION
First, we examined if the heterogeneous (stripe-shape or laminated) hydrogel sheets were precisely fabricated 

with controlled stripe width and hydrogel thickness.  We prepared several types of microdevices for preparing 
stripe-shape hydrogel sheet composed of two different regions and three-layer laminated hydrogels sheets, and 
introduced 2% NaA solutions with different-color microbeads (diameter of < 1 μm).  As shown in Figure 3, both 
the stripe-shape and laminated hydrogel sheets were obtained with a precisely controlled thickness of 50–250 μm 
and a width of ~2 mm. The hydrogel thickness was precisely adjustable by controlling the flow rate and/or the 
extension speed by the roller.    

   

Then, by using the microchannel system shown in Figure 2, we prepared hydrogel sheets incorporating HepG2 
and 3T3 cells as models of hepatocytes and non-parenchymal cells, respectively, to mimic the sinusoidal structures 
of the liver.  As shown in Fig. 4, HepG2 and 3T3 cells were focused into narrow streams in the microchannel by the 
spacer flow, because of the difference in the viscosities of the introduced solutions.  Although totally 64 streams 
were combined in the microchannel with a width of 2.5 mm and then extruded into the outer gelation bath through 
the micronozzle, the positions of these two cell types were maintained throughout the gelation process (Fig. 4).  
After completing the gelation, we successfully obtained heterogeneous hydrogel sheets incorporating multiple cell 
types at high densities (Fig. 5 a,b).  During cultivation, cells grew to form linear organoids (Fig. 5 c), because of the 
softness of the cell-containing region.  We observed that the HepG2 cells located at the center of the organoid was 
surrounded by a layer of 3T3 cells after several days of cultivation (Fig. 5 d,e). Finally, we examined if the hepatic 
functions were enhanced in the coculture group, by measuring the amount of albumin secreted from HepG2 cells by 
ELISA.  As shown in Fig. 6, albumin secretion from the coculture group was higher than that from the single 
culture of HepG2 cells in the hydrogel fiber, showing the effectiveness of the 3D coculture on the enhancement of
the hepatic functions.  Real-time RT-PCR assay also revealed the upregulation of several genes associated with 
differentiation functions of HepG2 cells.  

CONCLUSIONS
A simple but highly versatile microfluidic system has been developed to prepare physically and chemically 

anisotropic hydrogel sheets including multiple cell types.  Because of the presence of the solid spacer, cells in the 
soft regions formed restiform organoids with a width of ~100 μm and a length of up to several millimeters.  We 
have successfully demonstrated that the hepatic cells cocultured with feeder cells showed the enhancement of the 
hepatocyte-specific functions compared with the single culture group.  It would be possible to produce much more 
complicated and functional hydrogel materials by using the similar microchannel configurations, which possibly 
provides unique 3D cell cultivation platform for tissue engineering applications and stem cell research. 

Figure 2: An example of microchannel design 
for preparing stripe-shape hydrogel sheets.  
This device was fabricated by layering three 
PDMS plates; top, middle, and flat bottom 
layers.  

Figure 3: (a,b) Microscopic images of the prepared 
(a) stripe-shape and (b) laminated 3-layer alginate 
hydrogel sheets with a width of ~2 mm, 
incorporating fluorescent microbeads.  Figure (b) 
shows the cross sectional images.  (c) Relations 
between the flow-rate ratios and the width/thickness 
of each region of the stripe-shape/laminated 
hydrogel sheets. 
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Figure 6: Comparison of albumin 
secretion from HepG2 cells in coculture 
and single culture groups in the 
heterogeneous hydrogel sheets, analyzed 
by ELISA.

Figure 4: Two-types of cells (HepG2 and 
3T3 cells) flowing through the 
microchannel.  Cells were focused and 
concentrated into distinct lines because of 
the relatively low-viscosity of the cell 
suspension.  3T3 cells were stained 
withPKH26 red fluorescent dye.

Figure 5: Coculture of HepG2 and 3T3 cells in the 
heterogeneous hydrogel sheets with a thickness of 
~100 μm.  (a,b) Hydrogel sheet at Day 0, (c) complex 
organoids formed at Day 7, and (d,e) cross sections of 
the organoids at Day 3.  3T3 cells were stained with 
red dye.  In (e), albumin (green, HepG2) and nuclei 
(blue) were immunostained.



DIGITAL MICROFLUIDIC PLATFORM FOR THE CREATION, MAINTENANCE AND 
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ABSTRACT 
The liver is a vital organ responsible for metabolism, protein synthesis, bile production, detoxification and 
drug clearance. We present a platform for creating and assaying artificial liver models consisting of three 
dimensional co-cultures of liver-like organoids in vitro using digital microfluidics to provide precise 
control over the organoid sizes and local microenviroments. Findings include: (a) cultured fibroblasts 
actively contracted the hydrogel matrix in a collagen-concentration dependent manner, and (b) 
hepatocytes secrete more albumin in three dimensional organoids relative to their two dimensional 
counterparts.    
 
KEYWORDS: Digital microfluidics, liver model, organoids, hepatocytes, albumin 

 

INTRODUCTION
Despite the fact that three-dimensional (3D) cell cultures are known to support cell densities [1] and 
phenotypes [2] that are more similar to in vivo tissues than analogous two-dimensional (2D) culture 
systems, the vast majority of in vitro cells are cultured in the latter format because they are far easier to 
culture and assay. Building on recent work in which single cell-types were encapsulated in hydrogels and 
assayed using digital microfluidics (DMF) [3-4], we have developed a system to co-culture cells in liver-
like “organoids” – microscale collagen constructs seeded with NIH-3T3 fibroblasts and HepG2 
hepatocytes. As far as we are aware, this is the first digital microfluidic system for the co-culture of cells 
in three dimensions. In contrast to previous hepatocyte-stromal microfluidic models [5-6] which are 
limited in their abilities to specifically control the microenvironment of individual tissue constructs, DMF 
facilitates the straightforward addressing of experimental conditions to individual constructs in real time. 
Furthermore, the platform enables the creation, maintenance, and visualization of organoids over days-
weeks.  

 
EXPERIMENTAL  
DMF Devices featuring multiple reagent reservoirs capable of dispensing 10 different reagents (Figure 
1A) were fabricated in the University of Toronto Emerging Communications Technology Institute (ECTI) 
fabrication facility using photolithography and wet etching. To confine cells to an organoid culture 
region, 70 micron high SU-8 retention barriers were fabricated on top of parylene dielectric and 

 

 

 

Figure 1: A) Picture 

of DMF device used 

for 3D co-culture. B) 

Close-up of culture 

region containing 

liver organoid and 

SU-8 retention 

barrier. C) Top- and 

side-view schematics 

of culture region 
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Figure 3: Organoids containing NIH-3T3 fibroblasts after 7 days in brightfield (A) and live-cell stained with 
calcein-AM (B). Cells were seeded at a density of 2 x 106 cell/mL in constructs of 2.9, 2.0, 1.5 or 0.9 mg/mL 
collagen with identical starting volumes. Scale bar represents 50 microns.   

 

subsequently coated with Teflon-AF® to render the barriers hydrophobic (Figure 1B/C).  Devices were 
assembled with an ITO–glass top plate separated by a spacer formed from two pieces of double-sided tape 
(total spacer thickness 140 µm). Liver organoids were generated by mixing neutralized rat tail collagen I 
at collagen concentrations of 2.9, 2.0, 1.5 or 0.9 mg/mL with 2 x 106 cell/mL of HepG2 hepatocytes and 2 
x 106 cell/mL of NIH-3t3 fibroblasts for albumin secretion studies or with 2 x 106 cell/mL of fibroblasts 
for contraction studies and incubated in a humidified chamber at 37°C for 45-60 minutes to allow the 
collagen to gel. For comparison, two-dimensional (2D) cultures were generated by allowing neutralized 
collagen I to air dry on devices for 30 minutes before seeding with cells. Organoids were fed daily with 
DMEM/F12 (50:50) containing 8% fetal bovine serum and 2% calf serum supplemented with 0.6% (wt/v) 
pluronic F88 by driving an assisting droplet to the retention barrier where it is merged with the original 
droplet bearing the organoid (Figure 2A), after which the merged droplet was driven away (Figure 2B/C). 
Approximately 10% of original droplet volume was retained (Figure 2D), ensuring that organoids 
remained hydrated. This process (i.e., using the assisting droplet) was developed to overcome the 
challenge inherent in moving an unassisted droplet through the hydrophobic retention barrier. For 
imaging, organoids were gently transferred to an electrode-free portion of the DMF devices using a 
micropipette, live-dead stained with 4 µM calcein-AM and 2 µM ethidium homodimer-1 in phosphate 
buffered saline for 30 minutes at room temperature, and then imaged with a Leica DM2000 upright 
microscope. Albumin secretion was quantified using a Human Albumin Elisa Kit (Abnova Corporation).  
 
 

Figure 2: Pictures (top) and schematics (bottom) of organoid feeding procedure on digital microfluidic 

device. A) An assisting droplet containing fresh media or wash buffer is brought to the barrier. B) The 

assisting droplet is merged with the droplet containing the organoid. C) The merged droplet is driven away 

for disposal while the organoid is unable to cross the barrier. D) A small volume ~10% of residual liquid is 

retained with the organoid. Fresh media or buffer is then brought to the organoid as required.  
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Figure 4: Albumin secreted per 

cell per day after 2 days for HepG2 

hepatocytes and NIH-3t3 

fibroblasts seeded at a density of 2 

x 10
6
 cell/mL each in 2 dimensions 

on collagen versus in 3 dimensions 

in organoids. Error bars represent ± 

1 S.D. 

 

 

RESULTS AND DISCUSSION 

To demonstrate the capacity to generate constructs in situ, cells in droplets of neutralized collagen I were 
seeded and then gelled. Because the stiffness of extracellular matrix is known to affect cellular processes 
such as growth, spreading, and morphology [7], we evaluated the effects of changing the stiffness of the 
extracellular matrix by varying the concentration of collagen in solution from 0.9-2.9 mg/mL (Figure 3). 
The organoids actively contracted and remodeled in a collagen-concentration-dependent manner. The 
least concentrated gel (0.9 mg/mL) contracted to less than half the diameter of the most concentrated (2.9 
mg/mL) gel. The vast majority of cells remained viable after a week as determined by calcein-AM 
staining.  
 
Albumin secretion (an important function in liver tissue) was monitored as a test for in vivo-like 
phenotype. As shown in Figure 4, 1:1 HepG2:NIH-3T3 organoids generated and cultured on the DMF 
system secreted nearly twice as much albumin per cell per day than cells cultured in two dimensions on 
collagen-coated substrates after 2 days.  
 
CONCLUSION 

We have developed a microscale system for the creation, manipulation, and addressing of individual co-
cultured 3-D tissue constructs capable of supporting high cell densities and in-vivo-like phenotypes. We 
propose that similar systems may be eventually make 3D culture an attractive alternative to traditional 2D 
techniques.   
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ABSTRACT 
This paper describes a bone marrow-on-a-chip technology in which new bone containing marrow is engineered 

by implanting in a polymer device containing a cylindrical hole filled with bone-inducing materials subcutaneously 
on the back of a mouse.  The engineered bone containing marrow is then surgically removed intact and maintained 
viable under flow within a similarly shaped chamber of a microfluidic device in vitro.  This approach results in 
formation of living bone filled with functional marrow that is virtually identical to bone marrow isolated from a
mouse femur.  The viability and hematopoietic cell distribution of the engineered bone marrow can be maintained 
in the microfluidic system in vitro. 

KEYWORDS 
Microfluidics, Tissue engineering, Organs-on-chips, Hematopoietic stem cells, Hematopoiesis, Blood formation  

INTRODUCTION 
Recent advances in microsystems technology development and tissue engineering have led to the development of 

organs-on-chips that can reconstitute organ-level function in vitro by mimicking natural tissue arrangements and 
microenvironmental cues within microfluidic devices created with fabrication techniques adapted from computer 
microchip manufacturing [1].  In this study, we describe a microfluidic bone marrow-on-a-chip technology created 
combining microsystems and tissue engineering strategies to produce bone in vivo that contains a complex bone 
marrow microenvironment with functional hematopoietic cells, and then explanting this whole bone and marrow and 
maintaining viability in a microfluidic system in vitro. 

The bone marrow microenvironment is crucial for the maintenance of viability and function of hematopoietic 
stem cells (HSCs) that are responsible for producing all types of blood cells of the hematopoietic system [2].  
However, it has been difficult to provide to maintain functional HSCs in vitro because the bone marrow 
microenvironment contains a complex set of cellular, chemical, structural, and physical cues [3]. Investigators 
have attempted to culture and expand 
HSCs in vitro, but long-term 
engraftment and host hematopoietic 
reconstitution from cultured HSCs 
has been very inefficient [4].  Thus, 
there is a great need to develop a 
system that can faithfully recapitulate 
the natural bone marrow 
microenvironment to study 
hematopoietic diseases, facilitate drug 
discovery research, and enable 
expansion of bone marrow for 
therapeutic transplantation. 

Early studies of bone tissue 
engineering noted that bone 
marrow-like tissue formed within 
bone that was induced by implanting 
demineralized bone powder (DBP) 
and bone morphogenetic proteins 
(BMPs) subcutaneously in rodents [5,
6].  However, no method currently 
exists to maintain structurally and 
functionally sound engineered bone 
marrow in vitro.  Therefore, we set 
out to explore whether we could 
induce formation of bone containing a
fully functional engineered bone 
marrow (eBM) in vivo, surgically 
remove it, and cultured it in vitro to 
maintain hematopoietic function and 
study the living bone marrow 
microenvironment.    

Figure 1. (A) The PDMS device containing a central cylindrical cavity 
with two openings was used to form engineered bone marrow (eBM) in 
vivo.  The cavity was filled with bone-inducing materials and implanted 
subcutaneously on the back of a mouse.  Bone-inducing materials were 
exposed to both the underlying muscle and adipose tissue of the 
overlying skin.  (B) Histological H&E-stained sections of the eBM 
formed in the devices 8 weeks following implantation.  Scale bars, 500 
m (left), 100 m (right). 

Bone-inducing
materials

(A)

(B)

skin

muscle
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EXPERIMENT 

The bone-inducing materials consisted of a type I collagen gel (30 uL at 3 mg/mL), 3 mg DBP prepared from 

femurs harvested from mice [5], 100 ng BMP2 and 100 ng BMP4.  The implanted polymer devices designed with a 

central cavity (1 mm high x 4 mm diameter) were fabricated from poly-dimethylsiloxane (PDMS).  The PDMS 

devices filled with the bone-inducing materials were implanted subcutaneously on the backs of mice (Fig. 1A, 2A).  

Eight weeks after implantation, the eBM was removed from the PDMS device and cultured in a similarly shaped 

central chamber within a microfluidic device (Fig. 3) that was separated from overlying and underlying microfluidic 

channels (200 m high) by porous PDMS membranes (20 m thick with 100 m pores).  Culture medium (SFEM 

basal media) containing cytokines (50 ng/mL mouse SCF, 100 ng/mL human IL-11, 100 ng/mL human FLt-3, and 20 

g/mL human LDL) was perfused through the top and bottom channels (1 L/min) after the eBM was inserted into 

the central chamber.  To harvest bone marrow cells, the eBM was cut into small pieces and digested using 1 mg/mL 

collagenase for 30 min at 37 
o
C.   

 

RESULTS AND DISCUSSION 

To leverage bone tissue engineering techniques to form living marrow, we designed a PDMS device with a 

central cylindrical cavity with openings at its two ends (Fig. 1A).  The cavity was filled with the bone-inducing 

materials and implanted subcutaneously on the back of a mouse.  This system resulted in formation of bone 

containing marrow in the PDMS device within 8 weeks after implantation (Fig. 1B); however, the marrow exhibited 

an overall low level of cellularity and was dominated by adipocytes, which is consistent with past studies on bone 

tissue engineering [6].  Adipocytes also are known to have an inhibitory effect on the hematopoietic 

microenvironment [7].  Thus, to improve the quality of the engineered marrow, we designed the PDMS device to 

prevent infiltration of adipocytes by blocking the top of the central cavity of the device that exposed to the adipose 

tissue of the skin, while retaining accessibility to the underlying muscle tissue through the lower opening (Fig. 2A).  

Subcutaneous implantation of this improved PDMS device resulted in the formation of a cylindrical disk of white 

bone containing a central blood-containing marrow over a period of 8 weeks (Fig. 3A).  Histological analysis 

revealed that a thick shell of well-formed bone surrounding healthy appearing marrow that was dominated by 

hematopoietic cells, with only rare adipocytes visible (Fig. 2B, C).  Comparison of histological sections of the eBM 

to sections from an intact mouse femur (Fig. 2D) confirmed that the morphology of the eBM was nearly identical to 

that of natural bone marrow.  These data suggest that we have successfully engineered a cylindrical disk of bone 

containing marrow that is 

nearly identical to natural bone 

marrow. 

To maintain functional 

hematopoietic cells in vitro, the 

eBM formed in vivo was 

cultured in a microfluidic 

device (Fig. 3).  The 

cylindrical eBM that formed 

within the single opening 

PDMS device for 8 weeks was 

surgically removed from the 

mouse, placed into a similarly 

shaped central chamber of the 

microfluidic device, and 

cultured while perfused culture 

medium through the top and 

bottom channels.  After 4 

days of culture within the 

microfluidic bone marrow-on- 

a-chip, cells in the eBM 

maintained their viability.  

Importantly, preliminary 

results suggest that the 

distribution of HSCs and 

hematopoietic progenitor cells 

in the eBM cultured for 4 days 

on-chip remained very similar 

to the proportions in mouse 

femur bone marrow, whereas 

the composition of the blood 

cells in conventional dish 

cultures was strikingly 

different, as indicated by flow 

Figure 2. (A) The PDMS device with only one lower opening was filled with 
bone-inducing materials and implanted subcutaneously on the back of a mouse.  
The PDMS device was improved by covering the top opening with a solid PDMS 
layer so that the bone-inducing materials only contacted the underlying muscle.  
(B-D) Histological H&E-stained sections of the eBM formed in the improved 
PDMS device 8 weeks following implantation (B, C) compared with a 
cross-section of bone marrow within a mouse femur (D).  Scale bars, 500 m 
(top), 50 m (bottom). 

Bone-inducing

materials

bone bone marrow(A) (B)

(C) (D)eBM 8wk Femur
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cytometric analysis (not shown).  Therefore, the microengineered bone marrow-on-a-chip system appears to create 

and maintain a functional hematopoietic microenvironment capable of supporting viable hematopoietic stem and 

progenitor cells in vitro. 

This microengineered bone marrow-on-a-chip approach differs from conventional tissue engineering approaches 

in which newly formed tissue will structurally and functionally integrate with existing organs.  In contrast, our 

approach was designed to engineer bone containing functional marrow in a pre-specified polymer device so that it 

can be removed intact from the body.  This ability to engineer and maintain a complex three-dimensional bone 

marrow microenvironment with functional hematopoietic cells in vitro opens up entirely new avenues to explore 

drug efficacy and toxicities and study hematopoietic diseases. 
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Figure 3. Diagrammatic (A) and photographical representation (B) of the microfluidic culture of the eBM 
in vitro.  The cylindrically shaped eBM that formed within the single opening PDMS device was surgically 
removed 8 weeks after implantation, placed into the similarly shaped central chamber of the microfluidic 
device, and then maintained in culture in vitro.  The microfluidic bone marrow-on-a-chip device consists 
of three PDMS layers separated by PDMS porous membranes.  Scale bars, 2 mm. 
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ABSTRACT 
3D bio-artificial liver systems and transplantable devices are gaining significance due to the increase in number of 
patients with liver diseases. We demonstrate an ex-vivo system that mimics liver tissue and enhance the liver specific 
function with better viability. The proposed in vitro microchip takes advantage of micro contact printing and 
encapsulating process to achieve the goal. A multiple layer microfluidic channels were conjugated with this system 
to enable encapsulation of cell within sodium alginate to feign vascular network for the liver tissue. Urea secretion 
confirmed the cell functionality and the cell viability were affirmed by MTT assay throughout the culture period for 
different culture pattern. The aforementioned method will further be applied to mimic 3D liver tissue so that the 
microenvironment can be much closer to clinical trials in bio-artificial liver support systems.  
 
KEYWORDS 
Vascular network, Encapsulation, Liver, Microcontact printing. 

 
INTRODUCTION 
Tissue engineering is finding importance to develop new therapeutic agents. To evaluate drug efficacy and safety, 
preclinical models are desired as it furnishes with minute details into human physiology. Advances in biomedical 
engineering have proposed umpteen in vitro systems to provide an effective 3D tissue via DEP patterning [1], 
hydrogel encapsulation [2], microcontact printing [3], microscale co-culture [4], patterning encapsulated hydrogels 
[5] and so on. According to a survey by British Liver Trust, many patients with liver diseases like cancer cirrhosis, 
hepatitis, acute or chronic liver failure are increasing year by year. The mortality statistics paint a picture of the 
increasing number of liver disease deaths. Though liver transplantation is the remedy to cure these diseases, the 
shortage of donors and expensive post-operation treatments have led to the developments of in vitro/ bio-artificial 
liver devices. Although many attempts have been made by researchers, to reconstruct liver tissue, it is still far away 
from clinical trials due to the intricate design of liver tissue. Liver is the largest gland with conglomerate design in 
the body that performs large number of tasks and has an impact on all body systems.  The functional unit of liver is 
the hepatic lobule. Structurally the liver is morphologically divided into many lobules that take the shape of irregular 
polygonal (hexagonal) prisms. Blood enters the lobules through branches of the portal vein and hepatic artery, and 
then flows through small channels called sinusoids that are lined with primary liver cells (i.e., hepatocytes). The 
hepatocytes remove toxic substances, including alcohol, from the blood, which then exits the lobule through the 
central vein (i.e., the hepatic venule). Under normal physiological conditions the flow within vascular capillaries and 
tissues is known to have Reynolds numbers <100, resulting in predominantly diffusion based characteristics, over 
spatial distances of approximately 100 µm,[6, 7] within which cellular metabolite uptake, gaseous exchange and 
waste removal occurs [8].  
Therefore it is importunate to build some ex vivo systems that can delivery nutrients to and remove toxins from the 
reconstructed liver tissue at distance of approximately 100 µm. The proposed system is one such approach that 
encapsulates endothelial cells within alginate gels. Endothelial cells when co-cultured with 3T3 fibroblast cell and 
HepG2, the reconstructed tissue maintained better viability when compared to the one without inculcation of 
endothelial cells. Precise placement of cells on a device and controlling of the cell culture environment are important 
for mimicking a liver tissue which is essential for tissue engineering, drug screening and fundamental studies of cell 
behavior. In this paper we have achieved this goal via micro contact printing and encapsulating process. A multiple 
layer microfluidic channels were conjugated with this system to enable encapsulation of cells within sodium alginate 
and thus feign vascular network for the liver tissue. Urea secretion confirmed the cell functionality and the cell 
viability were affirmed by MTT assay throughout the culture period for different culture pattern. On the whole our 
results emphasized that this device could be promising for tissue engineering applications. It allows favorable 
attachment of cells on glass substrate, encapsulation of cells and maintenance of the tissue function 
 
EXPERIMENT 
Two major steps were involved in the process as depicted in Figure 1A. At first, patterning of HepG2 and 3T3 
fibroblasts is achieved via polydimethylsiloxane (PDMS) microcontact printing. Secondly, endothelial cells 
(HMEC-1) were encapsulated by alginate and calcium chloride amalgamation. Once the cells were encapsulated the 
entire system was continuously perfused with fresh culture medium at a flowrate of 0.2 µl/min. the experimental 
result is shown in Figure.1B. 
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1B 1A  

  
 

Figure 1A: Working principle. (i) pattern HepG2 cells via PDMS microcontact printing.(ii) pattern 3T3 cells via 
PDMS microcontact printing.(iii) a two layered step micro channel is bonded with the patterned substrate for 
encapsulating endothelial cells. Sodium alginate is mixed with the endothelial cells and injected in the bottom 
channel and calcium chloride solution is injected in the top channel to form a gel. (iv) the overview of the 
phenomena is illustrated. 1B: The patterning of HepG2 and 3T3 via PDMS microcontact printing and the 
encapsulation of endothelial cells using biocompatible gel is demonstrated. 

UREA SYNTHESIS  

In order to evaluate the liver specific function, in this in vitro liver tissue, we have assayed for urea synthesis. Urea is 
an organic chemical compound from the human body metabolism. It is produced when the liver cells break down 
amino acids, protein, and ammonia and is transferred from the blood to the urine via kidneys. Therefore, to quantify 
the urea synthesis concentration would provide an index for the metabolism of mimetic liver labchip.  
To compare the urea synthesis between an in vitro liver tissue without patterning and patterning (via microcontact 
printing & encapsulation) we assayed for urea synthesis from both the liver constructs. Figure 2 plotted the results of 
the urea assay on our liver lab chip and culture plate. 

 
Figure 2.  Urea synthesis of the non-patterned and the constructed tissue for 5 days 
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MTT ASSAY 

The MTT assay is based on the ability of mitochondrial dehydrogenase enzyme to cleave tetrazolium rings of the 
pale yellow MTT forming dark blue formazan crystals. Formazan is impermeable to cell membranes, resulting in its 
accumulation within healthy cells. Cell viability is directly proportional to the amount of formazan produced 
monitored by the absorbance at 570 nm. Dead cells do not show any enzymatic activity, hence will not form 
formazon crystals, therefore the absorbance is only due to live cells containing the active enzyme. The absorbance at 
570 nm thus gives an idea of the number of viable cells when compared with controls. The assay was performed for 
three different culture types: a) pattern only HepG2 and 3T3 via microcontact printing, b) pattern HepG2 and 3T3 
via microcontact printing and encapsulate endothelial cells in alginate gels, c) non pattern i.e. just seed cells in 
6-well plates. Figure 3 plots the MTT assay results confirming that the encapsulation helps in efficient transport of 
nutrients. 

 
Figure 3.  Viability trend for different pattern of culturing cells via MTT assay performed by calorimetric detection. 
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ABSTRACT
Microgels with different sizes and shapes are prepared by the photolithography process and manipulated by 

dielectrophoresis (DEP) to control the position of the cell-laden microgels, construct bio-mimicking cellular 
microenvironments, and help cells to perform specific biofunctions. Manipulations of 3D cell-laden microgels by the 
presented DEP-based platform are rapid, precise, and highly programmable. Microgels with various shapes patterned
by the photolithography processes provides geometry cues for cells, leading to, for example, different differentiation 
ways of stem cells. Combining with the manipulation and patterning technique, delicate and diverse cellular 
microenvironments for cells are possible, which achieves the purpose of programmable differentiation and spatially 
regulation of microtissues into macrotissues.

KEYWORDS
Cell-laden microgel, DEP, gelatin methacrylate (GelMA), polyethylene glycol (PEG), polyethylene glycol diacrylate 
(PEG-DA)

INTRODUCTION
Manipulating patterned cell-laden microgels [1] would control the cellular microenvironment and improve the 

function of microtissue. Various microgel structures have been studied to provide geometry cues for stem cell 
differentiation. [2] We use photolithography process and photo-sensitive hydrogels to fabricate the microgels with 
various shapes determined by photomask patterns. After transferring these 3D cell-laden microgels onto a
microfluidic device, dielectrophoresis (DEP) [3] is applied to spatially regulate the cell-laden microgels, as shown in 
Figure 1. So, in this study, we desired to fabricate 3D cell-laden microgels in various geometries, in order to 
stimulate cells obtaining the specific biofunction spontaneously. We utilized the DEP-based strip-shaped electrodes
to assemble microgels into corresponding locations, forming specific organization macrogels and cellular 
microenvironment. The presented device is an ideal platform for cell-laden microgels assembly and remodeling, 
which can be applied in cell-cell cocultures and tissue engineering.

Figure 1: Preparation and manipulation of 3D cell-laden microgels.
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PRINCIPLE
As shown in Figure 2. When applying an electric signal between two electrodes having different sizes, the 

non-uniform electric field would polarize the particles in the field and actuate them. Positive dielectrophoresis 
(pDEP) attracts the particles towards high electric field strength regions, while negative dielectrophoresis (nDEP)
repels the particles from high electric field strength regions.

(a) (b)

Figure 2: Non-uniform electric field between parallel electrodes having different sizes would 
polarize particles and induce DEP forces. (a) pDEP would attract particles to the strong
electric field region. (b) nDEP would repel particles from the strong electric field region.

EXPERIMENT
In the cell encapsulation study, we embedded NIH-3T3 fibroblasts in 5%, 10%, 15% gelatin methacrylate 

(GelMA) and polyethylene glycol (PEG) (MW 20,000) prepolymer solutions. Following by UV light crosslinking
(360-480 nm, 576 W/cm2) using photomask patterns, microgels in cubic structures (1 mm × 1 mm × 200 m) were 
obtained as shown in Figure 3.

(a) (b) (c) (d)

Figure 3: Characterizing the viability of NIH-3T3 cells in GelMA with different concentrations. (a)-(c) The phase 
contrast image of NIH-3T3 cells encapsulated in GelMA cubic microgels. (d) Live/dead assay of 15% GelMA 
cubic microgel after photolithography process.

The cell viability in the GelMA and PEG microgels was tested by the calcein-AM/Ethd-1 dyes and analyzed by 
the ImageJ software, as shown in Figure 4 and Figure 5. GelMA microgels with different prepolymer percentages
held good biocompatibility above 70.17%, while the cell viability of PEG was lower than GelMA and in the range 
between 14.28% and 83.25%. However, the stiffness of GelMA was not high enough to detach the microgels from a
glass substrate. Therefore, we used PEG microgels in the following manipulating experiments. As shown in Figure 5, 
on day 0, the 15% PEG offered the highest cell viability at 83.25% than other two groups, i.e., 51.05% and 46.21%
for the 5% and 10% PEG, respectively. For the 5% PEG, the cell viability maintained 54.82% until day 3, and 
dropped to 14.28% in day 5. The viability of the 10% PEG was the most stable from day 0 to day 5 among the three 
groups. Hence, we chose the 10% PEG as the encapsulation biomaterial in the following experiments.
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Figure 4: The cell viability analyses for GelMA with 
different percentages at 0, 12, and 24 hours.

Figure 5: The cell viability analyses for PEG with 
different percentages on different days.
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Furthermore, we fabricated 100% PEG-DA (MW 575) cubic structures (100 m × 100 m × 100 m) by UV 

light crosslinking (360-480 nm, 188.8 W/cm
2
) and photomask patterning. The microgels were transferred onto 

DEP-based devices by a pipette. When we applied a 40 VRMS, 170 kHz signal on the strip-shaped electrodes 

sequentially from left to right, the microgels were driven in a pure PEG-DA prepolymer solution droplet (0.25 L) 

by the nDEP forces as shown in Figure 6(a)-(d). Various microgels and biomimicking electrodes pattern can be 

designed for different applications, inducing study of different cell differentiation ways in a biomimicking 

macrotissue. 

 

(a) (b) (c) (d) 

Figure 6: PEG-DA microgels driven by negative DEP force when applying 40 VRMS, 170 kHz to the strip-shaped 

electrodes sequentially from left to right. 

 

During assembling the dispersed microgels into an accumulated state by nDEP, we used the ImageJ software to 

analyze the microgels velocity. We further tested the effects of anti-sticking surfactant, pluronic F127. The microgels 

velocity with pluronic F127 at the concentration of 0%, 0.04%, 0.1%, and 0.5% was 17.59±0.71, 40.14±2.61, 

68.04±7.7, and 193.21±24.74 m/min, respectively, as shown in Figure 7. The microgels velocity was improved 

with the increased pluronic F127 concentration. Moreover, the 0.5% pluronic F127 reduced the required 

manipulating time from 20 minutes to 2 minutes compared with 0% pluronic F127. 
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Figure 7: The effects of pluronic F127 concentrations to the microgels velocity. 

 

CONCLUSION 

In this study, we fabricated cubic cell-laden microgels by the photolithograph process. According to the cell 

encapsulation study, GelMA microgels with different prepolymer percentages performed good biocompatibility, 

while the cell viability of PEG microgels was lower than GelMA. However, considering the proper stiffness of 

microgels that were easier to handle, we chose the 10% PEG as the encapsulation biomaterial in the 

DEP-manipulating experiments. We transferred PEG-DA microgels onto DEP-based device by a pipette, and drove 

them in a pure PEG-DA prepolymer solution droplet. Various microgels and biomimicking electrodes pattern can be 

designed for different applications, inducing the study of different cell differentiation ways in a biomimicking 

macrotissue. 
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CONSTRUCTION OF VASCULAR TISSUES VIA MULTILAYER CELL 
DEPOSITION INSIDE HYDROGEL MICROCHANNELS

Masaki Iwase, Masumi Yamada, and Minoru Seki
Chiba University, Japan

ABSTRACT
This paper reports a new approach for constructing blood vessel-like tissues using microfluidic devices made of 

calcium-containing agarose hydrogel.  Sodium alginate (NaA) solutions with different cell types at high densities 
were introduced stepwise into the hydrogel microchannel, to deposit cell-containing multiple Ca-alginate hydrogel
layers on the channel surface with the help of Ca2+ ions diffused through the hydrogel matrix.  We successfully 
obtained capillary-like tissues inside the hydrogel microchannel, which were then recovered from the hydrogel 
matrix by enzymatically digesting the agarose polymer.  The presented technique would pave a new way for 
preparing capillary-like cell constructs for various tissue engineering applications.

KEYWORDS
Vascular tissue engineering, Microfluidic hydrogel device, Cell assembly, Multilayer deposition

INTRODUCTION
Vascular tissue engineering in vitro is an essential process for preparing artificial artery grafts, fabricating 

relatively large tissues incorporating capillary networks, and studying physiological mechanisms in blood vessel
networks such as angiogenesis and thrombosis.  Until now, researchers have proposed various methods for building 
vascular structures, including rolling of cell sheets [1], cell incorporation into fibrous hydrogels [2], and 3D cell 
deposition by inkjet printing [3].  However, mimicking functional vascular tissues having layered/branched 
structures is still a significant challenge, mainly because of the lack in proper technologies to assemble multiple cell 
types into hollow structures.  In this study, we propose a simple but highly versatile technique for three-dimensional
assembly of cells to construct capillary-like structures utilizing agarose hydrogel microdevices.

EXPERIMENTAL PROCEDURE
The preparation process of vascular tissue models is shown in Fig. 1.  A sodium alginate (NaA) solution is 

introduced into the agarose microchannel containing Ca2+ ions.  Ca2+ ions diffuse through the hydrogel matrix, 
forming a Ca-alginate hydrogel layer on the microchannel surface, depending on the microchannel geometry.  By 
repeating this deposition process, layered alginate hydrogels incorporating different cell types at high densities are 
obtained.  The formed tissues can be recovered from the hydrogel, by enzymatically digesting the entire hydrogel 
matrices using agarase.

Figure 1: Schematic images showing the procedure of constructing capillary-like multilayer tissues using different 
cell types inside agarose hydrogel microchannels.  (a) Multiple layers of alginate hydrogels incorporating different 
cell types are formed inside the microchannel with the help of the Ca2+ ions diffusing through the hydrogel matrix.  
(b) Formed tissues are recovered from the microdevice by enzymatically digesting agarose hydrogel matrices.  
NaA: sodium alginate.
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The microchannel design and photographs of 

the agarose hydrogel microdevice are shown in Fig. 

2.  Agarose hydrogel microdevices with Ca
2+

 ions 

were prepared by using a previously reported 

molding scheme [4].  An aqueous solution of 

agarose (5%) with 10 mM CaCl2 was poured onto a 

silicon mold having SU-8 microstructures and 

cooled for 2 h to gel the agarose solution.  After 

the complete gelation, the hydrogel plate was 

peeled off and trimmed.  Then, microstructured 

and flat hydrogel plates were partially melted and 

bonded, forming microchannel structures.  The 

depth and width of the microchannels were 

uniform and equal, 500 m. 

Before introducing the NaA solution, the 

microchannel surface was modified by introducing 

poly-L-lysine solution containing 10 mM CaCl2 for 

at least 1 min to improve the attachment of alginate 

matrices.  To control the gelation speed of 

alginate, trisodium citrate aqueous solution, a 

chelating agent, was introduced just before 

introducing the NaA solutions.  Then 0.5% NaA 

solutions with different color fluorescent particles 

were introduced into the microchannel stepwise by 

aspiration.  For preparing cell-incorporating 

hydrogel layers, agarose hydrogel microdevices 

were soaked into a cell culture medium overnight 

in advance to improve the supply of chemical 

components into the agarose matrices.  

Fibroblasts (NIH-3T3) and myoblasts (C2C12) 

were used, which were stained with red (PKH26) 

and green (PKH67) dyes, respectively.  These 

cells were individually suspended in isotonic NaA 

solutions at high densities.  The alginate solutions 

with stained cells were introduced into the 

microchannel stepwise and the behaviors of the cell 

deposition were observed under an optical 

microscope.  After finishing the cell deposition, 

alginate gelation was completed by introducing 10 

mM CaCl2 solution.   

 

RESULTS AND DISCUSSION 

We first demonstrated the stepwise deposition 

of multiple hydrogel layers inside the branched 

microchannel.  When 0.1 M trisodium citrate 

solution was introduced for 1 min and the flow rate 

of NaA solution was 20 L/min, alginate hydrogel 

layer with a thickness of 150 m was formed on 

the microchannel surface after 3 min of flow 

introduction.  After the introduction of the second 

NaA solution, double-layer alginate hydrogels 

were formed.  We observed the flowing particles 

through the formed hydrogel, indicating the 

formation of hollow hydrogel structures 

corresponding to the microchannel geometry (Fig. 

3).  In addition, we confirmed that both the flow 

rate and the introduction period of the NaA 

solution were critical to control the thickness of the 

deposited layers (Fig. 4).  When the flow late of 

the NaA solution was lower than 20 L/min, 

alginate gelation rapidly proceeded after 2 min 

from the introduction, and the microchannel was 

completely filled with the formed hydrogel at ~ 7 

Fig. 3  Formation of multiple alginate hydrogel layers 

inside the microchannel, using NaA solution containing 

different color particles.  (a,b) Fluorescence micrographs 

showing (a) formed Ca-alginate hydrogel layer with red 

fluorescent particles on the microchannel surface and (b) 

double-layer alginate hydrogels formed after repeating the 

deposition process.  (c) Fluorescence micrograph 

showing green fluorescent particles flowing through the 

layered hydrogel structure.  (d) Phase contrast image of 

the formed alginate hydrogel layers.   

Figure 2: (a) A microchannel design of the hydrogel microfluidic 

device.  (b-c) Photograps showing the preparation process of 

the hydrogel microdevice: (b) agarose solution with 10 mM 

CaCl2 was poured onto a SU-8/silicon mold and gelled, (c) 

hydrogel plate was peeled off and trimmed, (d) microchannel 

structure was formed by bonding agarose plates by partial 

melting, with the attached inlet/outlet tubing, and (e) microdevice 

was dipped in an cell culture medium containing 10 mM CaCl2 

for 1 day.  
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min.  On the other hand, when the flow rate of 
alginate solution was higher than 50 L/min, 
alginate gelation was extremely slow mainly 
because of the removal of the formed alginate layer 
by the applied high shear stress on the microchannel 
surface.  

Next, by introducing NaA solutions 
incorporating different cell types stepwise, we 
successfully constructed capillary-like tissues with 
double-layer hollow structures, through which 
fluorescent particles flowed (Fig. 5).  The initial 
cell densities were 7.2 × 107 cells/mL (C2C12) and 
4.2 × 107 cells/mL (NIH-3T3), respectively.  The 
cells were stably trapped stepwise in the alginate 
hydrogel matrices on the microchannel surface.  
Finally, we tried to recover the formed vascular 
tissues inside the microchannel by enzymatically 
digesting the whole agarose hydrogel matrices using 
agarase.  After soaking the agarose hydrogel 
microdevice in an agarase solution in PBS, the 
entire agarose matrices became fragile and were
easily broken, and the formed tissue structures were 
successfully recovered from the microdevice. In 
addition, we were able to handle the formed tissues
by using tweezers because of the high mechanical 
strength of the alginate hydrogel.  These results 
show that it is possible to fabricate functional 
vascular tissue models and assemble cells into 3D 
structures by using the presented method.

CONCLUSIONS
A new process has been developed for easily and 

accurately preparing vascular tissue models. It 
would be possible to prepare vascular tissue models 
with various configurations by changing the 
microchannel geometry, the flow rate and the 
introduction period of the NaA solution. We 
expect that the presented method would become a 
highly useful approach for vascular tissue 
engineering.
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Fig. 4 Relation between the width of the flow path and 
the flow rate of the NaA solution. The x-axis indicates 
the time from the introduction of the 0.5% NaA solution.

Fig. 5  (a) Phase contrast and (b) fluorescence 
micrographs showing the deposited cell layers inside 
the microchannel, through which green particles were 
flowing.  Myoblasts and fibroblasts were stained with 
red (PKH26) and green (PKH67) fluorescent dyes, 
respectively.

Fig. 6  (a) Phase contrast and (b) fluorescence images 
showing the recovered tissues by enzymatically 
digesting the agarose hydrogel matrices. 
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GENERATION AND ASSEMBLY OF CELL-LADEN HYDROGELS ON A
DIGITAL MICROFLUIDIC PLATFORM

Min-Yu Chiang1 and Shih-Kang Fan2

1Department of Materials Science and Engineering, National Chiao Tung University, Hsinchu, Taiwan 
2 Department of Mechanical Engineering, National Taiwan University, Taipei, Taiwan 

ABSTRACT
We demonstrate an integrated platform combining (1) digital microfluidic and (2) photo-patterning techniques to manipu-

late and fabricate cell-laden hydrogels for the tissue engineering application. Different hydrogels cured from individually-
driven polymer droplets provide three-dimensional (3D) microenvironments for in vitro cell culture. With the ability to ac-
tively drive the polymer droplets, assemble the hydrogels, and arrange the cells inside the hydrogel, this work provides an es-
sential approach to tissue engineering, cell-cell interaction, stem cell differentiation studies on a highly programmable digital 
microfluidic device.

KEYWORDS: Digital microfluidic, Photo-pattering technique, Cell-laden hydrogel

INTRODUCTION
The arrangements of cells and extracellular matrices (ECM) in different functional unit of various tissues are entirely dif-

ferent and significant, such as the radial arrangement of hepatocytes in hexagonal hepatic lobule. Mimicking the in vivo mi-
croenvironment can be beneficial for a variety of applications such as tissue engineering [1], cell-based assays [2], and stem 
cell differentiation [3]. Hydrogels, 3D crosslinked networks of hydrophilic polymers, resemble the physical characteristics of 
extracellular matrices [4] and are often used to encapsulate cells. They can be tailored to exhibit high permeability to oxygen,
nutrients, and other water-soluble metabolites [5]. Cell encapsulating hydrogels can be used for the generation of 3D tissue 
engineering structures.

In order to generate biomimic cell-laden hydrogels, the regeneration of structural features is of importance in enabling the 
resulting function. These cell-laden hydrogels could be made to generate macroscale tissue from microgel units made of cell-
seeded or cell-laden hydrogels. Typically, the microscale functional units were fabricated by emulsification, micro-molding, 
photo-patterning or microfluidic. Here, we propose a novel method to combine electrowetting-on-dielectric (EWOD) and 
photo-patterning techniques on a platform to complete multiple steps in a series.

THEORY
An EWOD-based digital microfluidic platform (Fig. 1) is studied to manipulate curable droplets containing cells for the 

preparation of cell-laden hydrogel of tissue engineering after curing. Photosensitive hydrogel, poly(ethylene glycol) diacrylate 
(PEG-DA), droplets were driven on-chip by EWOD with adjustable shapes and sizes. By using EWOD, basic microfluidic 
functions including creation, transportation, cutting, and merging hydrogel droplets can be implemented. In addition, multiple 
hydrogel droplets can be created simultaneously on a single device. Recently, many EWOD studies showed that the wettabil-
ity of liquids on a dielectric surface is controllable with a high reversibility. When an electric voltage V was applied between 
the aqueous droplet and the electrode, the droplet spontaneously spreads out on the dielectric surface (Fig. 1(b)). The contact 
angle θv is modulated by the applied voltage according to the Lippmann-Young equation:

20
0

2
coscos V

tLG

r
v

γ
εεθθ += .          (1)

Figure 1. Conventional EWOD device. Droplet pumped to the  left when applying a voltage. (a) Top view, (b) cross-sectional 
view. 

(a) (b)
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In equation (1), ε0 denotes the permittivity of the vacuum, εr the dielectric constant of the dielectric layer, γLG the gas-to-liquid 
interfacial tension and t the thickness of the dielectric layer. When the electric potential V was applied, the contact angle of 
liquids would be changed. When the electric potential V is removed, the changed contact angle returns to the initial contact 
angle θ0.

EXPERIMENTAL AND RESULTS
In this paper, the geometry of cell-laden hydrogels were determined by the pattern designs of the electrodes. The configu-

ration of the device is illustrated in Fig. 2. The device structure is shown in Fig. 1(b). A layer of ITO was on the top glass sub-
strate and covered by a low surface energy material, Teflon (55 nm-thick Teflon). The bottom glass plate contained patterned 
electrodes (ITO), dielectric (1.6 µm-thick SU-8), and hydrophobic layers (55 nm-thick Teflon). By applying a voltage V on 
the electrodes between two plates, the hydrogel droplets were actuated because of the contact angle change. 

Figure 2. Fabrication of hydrogels with different shapes, (a) squares and (b) hexagons determined by the electrode design. 

The fabrication and assembly of hydrogels containing fluorescent dye and polystyrene beads with different shapes were 
demonstrated in the parallel-plate devices.  Two 0.7 µl hydrogel droplet containing 5 µm polystyrene beads and fluorescent
dye (0.1 mM Rhodamine 6G) were assembled by the square-shaped electrodes as shown in Fig. 3. And the procedures of hex-
agonal hydrogels preparation and arrangement are shown in Fig. 4. By sequentially applying a voltage (60-100 VRMS and 1
kHz) on the electrodes, the hydrogel droplets were actuated onto designed positions. Finally, hydrogel droplets were cross-
linked to form microgels by UV light (365 nm) exposure. 

Figure 3. Procedures of square hydrogel preparation. (a)-(e) Creating and moving hydrogels by applying 60 -100 VRMS and 1 
kHz AC signals. (f) Fluorescent image of PEG-DA after UV light crosslinking. The scale bar is 1 mm. 

Figure 4. Hexagonal hydrogel preparation. (a)-(e) Creating, moving, and assembling hydrogels. (f) Fluorescent image of as-
sembled and cured PEG-DA hydrogel. The scale bar is 1 mm.  

To demonstrate the cell-laden hydrogels fabrication on the same parallel-plate device with same manipulated conditions, 
the precursor of cell-laden hydrogel was prepared using pluronic F127 (0.04 w/v%), 2×107 NIH-3T3 cells/ml, 0.25 w/v% 
photoinitiator and 15 w/v% 4 arms-PEG acrylate (Mw 20,000) in the phosphate buffer solution. After the manipulation of 
precursor of cell-laden hydrogel, the cell viability was analyzed by cell live/dead assay (LIVE/DEAD® Viability/Cytotoxicity 
Kit). From the cell viability test (Fig. 5), cells encapsulated in 4 arms-PEG acrylate aggregated, and most cells in hydrogel 

(a) (b)

(a)

(a)

(b) (c) (d) (e) (f)

(b) (c) (d) (e) (f)
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maintained their viability.  Moreover, we found that dead cells and live cells are at different heights in the cell-laden hydrogel.
Cell viability was higher for the cells closer to the upper surface of the hydrogel, which requires further investigations. 

Figure 5. Cell viability analysis. (a), (d) Bright-field images. (b), (c) and (e) Fluorescent images. (a)-(c) Cell live/dead imag-
es on day 0. (d)-(e) Images on day 5. The live and dead cells were stained with Cacein AM (green) and Ethidium Homodi-
mer-1 (EthD-1, red), respectively. The scale bar is 200 µm. 

CONCLUSION
In this study, we demonstrated hydrogels in the square and hexagonal shapes on the parallel-plate devices utilizing EWOD 

and photo-curing methods. In this integrated platform, arrangements of hydrogels with different shapes were implemented by
applying 60-100 VRMS and 1 kHz signals. Manipulations of the hydrogels and the cell-laden hydrogels were also demonstrated. 
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Figure 1.  Experimental setup.  A passive chip made of 
Polydymethylsiloxane-on-glass (A) is placed on a piezoelectric 
transducer (B). A general ALCAT structure is shown in C. No 
external tubing or syringe pumps are required. 

Figure 2.  Microscopic view 
ALCATs show that ALCATs are 
angled toward the direction of 
flow from left to right. 

TUNABLE CELL LYSING OF DENSE BLOOD CELL SAMPLES 
 WITH AIR-LIQUID CAVITY ACOUSTIC TRANSDUCERS 

Arlene Doria, Nicholas E. Martin and Abraham P. Lee 
Department of Biomedical Engineering, University of California - Irvine, USA 

ABSTRACT 
    The extraction of nucleic acids and cell proteins typically requires the destruction of the cell membrane.  Because 
the cells are suspended in solution, the solution has to be further processed to recover the components of interest after 
lysing.  Herein, we present a device using air-liquid cavity acoustic transducers (ALCATs) with a tunable parameter that 
will lyse cells and then extract the sample without the remaining cellular debris. Red blood cells (RBCs) are used for this 
demonstration though this can be applied to other cell types.  We demonstrate a fast and chemical-free lysis method for 
sample preparation. 

KEYWORDS 
Nucleic acid purification, point-of-care, acoustic, ultrasound, blood, diagnostic, sample preparation, microfluidic  

INTRODUCTION 
    Cell lysis is the first step in nucleic acid and protein purification methods. The conventional ways to lyse cells include 
physical or chemical means.  Cell lysis methods include mild osmosis, sonication, centrifugation with beads, detergents, 
and nitrogen burst methods [1].  However, these methods require a step to separate the remaining cellular debris.  
Additional handling steps increase the 
chances of operator error.  Furthermore, the 
efficiency of lysing is dependent on the 
density of cells in the solution, the total 
volume of the solution, and the toughness of 
the cell (e.g. the cell wall of a plant cell is 
rigid).  By varying the input voltages 
applied to the acoustic transducer, ALCATs 
can be tuned to first lyse cells and then 
separate by components from solution. 
ALCATs are air cavities that form naturally 
in hydrophobic devices filled with liquids.  
When activated by an acoustic source, the 
air-liquid interfaces will oscillate and create 
stable cavitation streaming within a localized 
region of the surrounding liquid. ALCATs 
have been shown to be useful for pumping, 
mixing, and cell/particle switching [2].  
Fluid and particle manipulation can be 
accomplished on a passive, disposable chip 
that is placed on top of an external acoustic 
transducer (Figure 1).  

EXPERIMENT 
    Dense RBC solutions were used in the cell lysis demonstration. When RBCs 
are lysed, they release hemoglobin into solution making it visible to the naked eye 
at >200 mg/L. The hemoglobin can be roughly quantified by a spectrophotometer 
at 415nm, also known as the Soret’s peak.  In this device, arrays of ALCATs line 
a serpentine channel.   ALCATs are angled toward the direction of flow (Figure 
2). The sample undergoes lysis by applying a high input voltage (30 Vpp) to the 
piezoelectric transducer while inhibiting flow by plugging the outlets (Figure 3, 
left).  Sample recovery is then performed by unplugging the outlets and allowing 
separation of cellular debris to occur (as described by Doria [3]) at a lower voltage 
of 15 Vpp (Figure 3, right).    Numerical modeling of blood damage is often 
modeled by the power law approach using empirical coefficients that depend on 
the shear stress(т) and the time of exposure (t) that the blood experiences [4]. A 
hemolysis index has been developed [4]:  

 
Hemolysis Index (%) = 3.62 X 10-5 * t 0.785 * т 2.416 (1) 

      

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  578



 
If the shear stress is constant, the longer the cells are exposed to the stress, the higher the percentage of cells is hemolyzed.  
Analysis of Soret’s peak is seen in Figure 4.  Heme-containing groups will absorb strongly at the 415nm wavelength of 
the visible spectrum.  The absorbance can be approximately correlated to the amount of hemoglobin that has been 
released into the solution after lysing.  Increasing absorbencies are observed with increasing lysing times. Specifically, 
for 0, 20, and 120 seconds of exposure to lysing parameters, the absorbencies increase from 0.102, 0.430, to 0.829, 
respectively.  As a control, the absorbance of plasma supernatant that has been centrifuged was observed at 0.052. This 
suggests that the method of sample recovery at 15 Vpp may result in limited hemolysis too. Using a Wright Stain, blood 
film of different lysing times show that longer times of exposure resulted in abnormal, sheared cells (Figure 5).  

 

 
Figure 5. Blood film analysis of varying lysing time at 200X magnification.  More shearing occurs with higher lysing 

time (20 seconds vs. 2 min).   

 

Figure 4.  Increasing Soret peaks of sample with higher lysing times. 

 

Figure 3. Lysing occurs with increasing input voltages from the piezoelectric transducer while inhibiting flow 

by plugging the outlets (left). The hemoglobin released in solution is recovered in the extraction step (right).   
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Figure 6.  Computational fluid dynamic simulation of trapping using 

CFD-ACE+ showing qualitative agreement with the video snapshot of 

dynamic particles trapped in vortices. 

 
 
 
All devices were made of 
polydimethylsiloxane bonded to a 
glass cover slip and fabricated using 
standard soft lithography techniques. 
The oscillating air-liquid interfaces 
create local vortices that trap red 
blood cells while simultaneously 
pumping plasma downstream 
effecting a net separation of cell 
debris from plasma. This was 
modeled on CFD-ACE+ using 
oscillating velocities that are 
approximately normal to arc-shaped 
inlets (Figure 6, top left).   A 
snapshot of the velocity magnitudes 
from the simulation shows that fluid 
will be propelled downstream from 
left to right (Figure 6, top right).    
Blood cells were modeled as spray 
particles.  In the presence of the 
oscillating velocities, transient 
simulations show particles are 
trapped near the inner corners of the 
ALCAT structures (Figure 6, 
bottom left).  Simulation of blood 
cell trapping showed qualitative agreement with experimental (Figure 6, bottom right). Increasing the velocities or 
increasing the time in the transient simulation increased the hemolysis index in the program. 
    In summary, this novel method of cell lysing and fluid flow control is tunable and durable since no moving parts are 
required for the actuation of the chip. Because ALCAT microstructures can be fabricated in only a single layer it is 
amenable to conventional manufacturing processes such as hot embossing.  Although red blood cells are used in this 
application for the purposes of modeling, other cell types such as bacteria or white blood cells which contain nucleic acid 
would be likely candidates for this application.  Because this technology is performed quickly and wholly on chip, it can 
be integrated as a sample preparation component that can be linked to downstream analyses in point-of-care diagnostics 
or other lab-on-chip applications. 
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ABSTRACT 
    We propose a method utilizing large number of arrayed microwells for quantitative measurement of GFP gene 
expression that is directly coupled with pluripotency marker-protein, Nanog, at the single-cell level among the cell 
population. To confine intracellular GFP, individual cells are trapped into microwells and lysed after closing the 
microwells by inducing electric potential to the electrodes at the bottom of each well. The microwell structure has a 
comparable size to the target cells making it possible to trap single cells and restrict the dilution of cell lysate. The 
individual intracellular GFP concentration is precisely quantified inside of the well-defined volume of microwells. 
Our method will be a useful tool for high-throughput and parallelized read-outs of gene expression level of 
individual cells in a large population of cells. 
 
KEYWORDS 
Microwell array, Stem cell, Single cell analysis, Gene expression.  

 
INTRODUCTION 

Gene expression levels are routinely measured on cellular ensembles with unavoidably averaging effects. 
However, the direct measurement at the single-cell level is required since cellular gene expression levels may 
fluctuate between individual cells. Especially, to understand heterogeneity on cellular differentiation of stem cells, 
gene expression level should be analysed at the single-cell level. Recently, a selection system for Nanog expression, 
which is associated with pluripotency of the stem cell, was developed for induced pluripotent stem cell (iPS) [1]. 
Undifferentiated Nanog iPS cells express GFP that is genetically encoded as a marker of Nanog expression. 
However, quantitative analysis of Nanog gene expression for individual cells has not been achieved due to the lack 
of experimental methodologies. Here, electroactive microchambers array [2] is proposed for the quantitative analysis 
of GFP gene expression of individual Nanog iPS cells to estimate Nanog gene expression level. To obtain confined 
intracellular materials of single cell, target cells are continuously introduced, and trapped into the microwell array by 
using DEP (Fig. 1). Microwells are closed by pressing a PDMS membrane for the isolation of individual cells. The 
trapped cells are lysed inside of the closed microwell with EP. Lysates of individual cells fill the closed microwells, 
allowing quantitative analysis of the signal from the intracellular materials. With the device, we have demonstrated 
quantification of GFP gene expression for individual iPS cells. 

 
EXPERIMENTAL 

Our device consists of a microwell array surface and a patterned PDMS membrane, which are bonded to each 
other to form the microfluidic channel (Fig. 2a). First, we patterned interdigitated ITO electrodes on a glass substrate 
to attract cells by DEP and perform lysis by EP (Fig. 2b). A 500 nm thick layer of ITO was sputtered on a glass 
substrate for the electrodes. The shape of the electrodes were patterned using a positive-type photoresist (S-1813, 
Shipley far Ltd.), followed by etching of ITO. The microwell array was fabricated with a negative-type photoresist 
(SU-8 3010, MicroChem Co.) on the patterned ITO electrodes. In order to assemble the microwell array with the 
PDMS microfluidic channel, they were exposed to O2 plasma to activate the surfaces using a Reactive Ion Etching 
machine (RIE-10NR, Samco Co.). Both were aligned and spontaneously bonded together. Cell line of iPS 
(MEF-Ng-20D-17) from Kyoto University, cultured on mouse embryo fibroblast (MEF) in plates coated with 0.1%  

Figure 1: Experimental concept. Cells are introduced into the PDMS microfluidic channels and trapped into the 
microwell by DEP. Simply pressing a PDMS membrane closes microwells. Cells are lysed inside of the closed 
microwell by EP. Finally, fluorescence signal from the microchambers are acquired for the quantitative 
analysis. 
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w/v gelatin (Sigma), was maintained in a complete medium of DMEM (Gibco) containing 15% Knockout Serum 
Replacement (KSR; Hyclone), 0.1mM 2-mercaptoethanol (Sigma), 1% MEM non-essential amino acids (Gibco), 
100 U ml-1 penicillin (Invitrogen), 100 U ml-1 streptomycin (Invitrogen) and 1000 U ml-1 recombinant human LIF 
(Wako, Japan), in a humidified incubator (37 °C, 5% CO2) with the medium changed every day. In order to induce 
cardiac differentiation, iPS cells were cultured in a medium without LIF containing 20% Fetal bovine serum (FBS, 
Invitroge, Hyclone) with medium change every 2 days. Prior to DEP, the cells were dissociated into a single-cell 
suspension by TrypLE Select (Invitrogen) and the culture medium was changed with DEP buffer (10 mM HEPES, 
0.1 mM CaCl2, 59 mM D-glucose and 236 mM sucrose; pH 7.35) to adjust the conductivity of the cell suspension 
medium (21.4 mS m-1) for pDEP. The DEP buffer contained final concentration of 1% (wt/vol) bovine serum 
albumin to block nonspecific cell adhesion. 
 
RESULTS AND DISCUSSION 
   We have demonstrated trapping and lysis of single iPS cells with electroactive microchamber array. The cell 
suspension of iPS was introduced into the device through an access port, and trapped into each microwell with DEP 
(Fig. 3). Since the cells were cultured to keep their pluripotency, the cells emit strong fluorescence signal of GFP. 
The inside of the closed microwell was filled with the fluorescence light after applying electric pulses due to the 
diffusion of the intracellular materials out of the cell. In order to induce cardiac differentiation, we added 20% fetal 
bovine serum (FBS) into the culture medium. After cultivation of iPS cells with FBS, we harvested the cells from the 
culture dish and measure GFP expression level with the electroactive microwell array device (Fig. 4). Measured GFP 
concentration is widely distributed from 5 × 105 to 3 × 106 molecules per cell for iPS cells (undifferentiated). 
Although they were cultured with the same condition in a culture dish, individual cells show large differences on a 
gene expression levels. The mean value of whole distribution is gradually decreased with the time. To evaluate our 
system, we directly compared the GFP expression level, obtained with the device, to the Nanog gene mRNA 
expression level, obtained with the conventional RT-PCR in bulk (Fig. 5). We note that mRNA levels and 
expression of GFP decrease with time in a similar manner. 
 
 

 

 
 

Figure 3. Fluorescence image of closed microwell array before and after pulsing. (left) Single iPS cell array trapped 
into the microchambers before cell lysis. (right) Confined intracellular materials after lysis of trapped cells inside 
the closed microchamber. White arrows indicate trapped cells. Scale bar is 50 µm.  

 

Figure 2. (a) Schematic illustration of the microfluidic device for trapping and lysing single cells. The device 
consists of a PDMS membrane attached onto a microwell array. Target cells or regents for the biochemical 
reaction are introduced through an access port and delivered by the continuous flow induced by negative 
pressure. (b) Top and cross-sectional view of the microwell array part. The through-hole structure fabricated 
with the photoresist is aligned with the interdigitated ITO electrodes.  
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Figure 4. (a) Fluorescence images of tightly enclosed microchamber array containing intracellular materials of iPS 
cells. The cells were differentiated into the specific cell lines in a culture dishes before trapping. (b) Histograms of 
the distribution of intracellular GFP concentration of individual cells obtained by the quantification of fluorescence 
intensity of each chamber. 
 
 

 
 
Figure 5. Comparison of GFP expression levels measured by microchamber array and mRNA levels for Nanog 
genes measured by quantitative RT-PCR in bulk. Both curves follow the same tendency showing a decrease with a 
good match. 
 
 
CONCLUSION 
   Our device allows quantitative analysis of gene express level at the single-cell level among a cell population. 
Such new concept of microwell array combined with highly sensitive analytical assays promises high-throughput 
and parallelized read-outs of intracellular analytes of individual cells in a large population of cells, while eliminating 
external manipulations. 
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DRY REAGENT PAPER-COUPLED ELECTROPHORESIS MICROCHIP 
TOWARDS MULTI ASSAY OF BIOLOGICAL COMPONENTS

Yuta Miyahara, Naoki Funauchi, Tatsuro Endo and Hideaki Hisamoto
Osaka Prefecture University, Japan

ABSTRACT
    Here we focused on the paper filter impregnating fluorescent substrate reagents and its combination with 
microchip electrophoresis (MCE). Dry reagent paper-coupled electrophoresis microchip was developed to 
demonstrate simple and multiple detection of different enzyme activities including alkaline phosphatase (ALP), 
β-galactosidase (β-Gal) and trypsin (Tryp).  
 
KEYWORDS

Dry reagent chemistry, Enzyme activity, Microchip electrophoresis, Multiple detection   
 

INTRODUCTION
In the drug discovery field, selective detection of various biomolecules from a cell lysate by using the various 

analytical reagents is routinely carried out. However, requirement of large amounts of sample and reagent, and 
necessity of individual analyses for each target are still the problems. Therefore development of analytical tool 
which can rapidly analyze various biomolecules at the same time by using a small amount of sample and reagent are 
necessary. On the other hand, MCE has been well-known as an analytical device which has advantages of high-speed 
(seconds order), small volume (nL order) for analysis, and multiple detection capability by high performance 
separation [1]. We focused on the use of the high performance separation capability of MCE for selectively 
analyzing multiple components. When the multiple analytical reagents are directly fixed at the sample reservoir, 
simply dropping the sample solution to the reservoir and subsequent electrophoresis would allow us analysis of 
multiple component in a very small sample easily and rapidly. In order to demonstrate this concept, dry reagent 
chemistry that uses paper filter or film immobilizing dried reagents is convenient [2]. In this case, paper filters 
possessing analytical reagents can be easily prepared by drying up after immersion of paper filters in reagent 
solutions. Therefore, fixing the paper filter to sample reservoir of electrophoresis microchip would facilitate the 
preparation of the device. In addition, fixing various combinations of paper filters immobilizing different kinds of 
analytical reagents is expected to demonstrate rapid and simultaneous analysis of multiple components of interest by 
electrophoretic separation. 

In our research, we focused on the use of paper filter impregnating various analytical reagents together with the 
electrophoresis microchip (Fig.1). In this case, various paper filters required for analysis are loaded into a sample 
reservoir. After filling all the channels and other reservoirs by buffer, sample solution is dropped into the sample 
reservoir loaded with paper filters. After the reaction, application of high voltage would allow us simple and rapid 
multiple analysis with very small amount of sample and reagent. Here, we combined paper filters impregnating 
fluorescent substrates of ALP, β-Gal and Tryp, with electrophoresis microchip, and investigated the individual and 
the multiple detection of ALP, β-Gal and Tryp. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EXPERIMENT
Poly (dimethylsioxane) (PDMS)/glass microchip was prepared by conventional soft lithography procedure. Paper 

filters were prepared by impregnating fluorescent substrates by individually soaking paper filter in each enzyme 
substrate solution (ALP: fluorescein diphosphate, β-Gal: fluorescein β-D-galactopyranoside, Tryp: Rhodamine 110 
diamide derivative) and following drying procedure (Fig.2). Fig.3 shows PDMS/glass microchip with paper filter 
impregnating reagent. First, we loaded each paper filter impregnating fluorescent substrate into sample reservoir of 
the chip independently. After filling phosphate buffer solution into microchannel by capillary action, we dropped 
50μl enzyme solution (ALP, β-Gal and Tryp) into the sample reservoir.  After 10 minutes, high voltage was applied 

Fig.1 General concept of multi assay using electrophoresis microchip combined with paper filter 
impregnating detection reagents 

Paper filter impregnating 
detection reagents 

Detector 

Reservoir 

 i
nt

en
si

ty
 

 

Time Fl
uo

re
sc

en
ce

  

 

Sample enzyme1 
Substrate for enzyme1 
Fluorescent product of enzyme1 reaction 
Sample enzyme2 
Substrate for enzyme2 
Fluorescent product of enzyme2 reaction 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  584



to separate the reaction products. Next, we loaded three paper filters for ALP, β-Gal and Tryp into the sample 
reservoir and then carried out the same experiment. Detection was performed by SELFOC μ- fluorescence detector. 
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS AND DISCUSSION 

Fig.4 shows the dissolving profile of impregnated fluorescein as a test reagent. Approximately 10 minutes were 
required for complete dissolution of the reagents, thus reaction time was fixed to 10 minutes. Fig.5 shows 
repeatability of fluorescence intensity and migration time of each paper filter impregnating fluorescein. In between 
each experimental run, channel surface was rinsed by 1.0% poly(dimethyldiallylammonium chloride) solution to 
stabilize the electroosmotic flow (EOF). This result shows good repeatability in reagent release and following 
electrophoresis. For the detection of ALP and β-Gal, two peaks of fluorescein (F) and intermediate (fluorescein 
monophosphate: FMP or fluorescein mono-β-D-galactopyranoside: FMG), and for the detection of Tryp, peak of 
Rhodamine 110 (R110) were observed, respectively, depending on the experimental condition. For the simultaneous 
detection of ALP, β-Gal and Tryp, peaks of FMP, F, FMG and R110 were successfully separated (Fig.6). Based on 
this result, ALP and β-Gal both of which produce same fluorescein molecule as a final product could be analyzed at 
the same time because FMP and FMG have different electrophoretic mobility from fluorescein. Therefore, by using 
the peak of intermediate, simultaneous analysis of different enzyme using fluorescein-based substrates is possible. 
These results suggested that loading various paper filters impregnating different reagents of interest into a sample 
reservoir would allow us simple and rapid multiple analysis with very small amount of sample and reagents. 
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Fig.2 Preparation of paper filter impregnating detection reagents 
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CONCLUSION 

 In conclusion, we prepared paper filters impregnating fluorescent substrates of β-Gal, Tryp and ALP. These paper 
filters were combined with electrophoresis microchip, and the individual detection of enzyme activities of β-Gal・
Tryp・ALP and the multiple detection of these enzyme activities were successfully performed. Dry reagent 
paper-coupled electrophoresis microchip presented in this work could allow us simple and rapid multiple analysis 
with very small amount of sample and reagent. 
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ABSTRACT
Here we describe fast analysis of biomolecules by newly developed pressure-driven liquid chromatography (LC) on a 

chip with integration of a gradient elution system. We have reported the fabrication of a gradient elution system using a 
cross-Tesla mixer on a chip with pillar array columns [1]. In this study, we applied the chip to the analysis of biological 
compounds, and showed that 10 times faster separation was achieved under gradient elution than under isocratic elution. 
The retention times under gradient elution conditions were corresponded to the values estimated by semi-empirical 
equation, which showed that the gradient elution system worked validly.

KEYWORDS
Pressure driven, Peak width, NBD-F, Aliphatic amines, Fluorescence

INTRODUCTION
Recently, more research was focused on the pressure-driven LC with pillar array columns containing perfect 

structures for faster separation [2]. In order to improve the separation efficiency, we utilized a low-dispersion turn to 
make a longer pillar array column on the microchip [3]. However, to analyze the biological samples containing 
components with quite different polarity properties, a gradient elution system which accelerates the elution of strongly 
retained solutes is necessary. In our previous research, the separation efficiencies of two coumarin dyes were greatly 
improved by utilizing the newly developed gradient elution system [1]. However, the availability for the analysis of 
complex compounds has not been confirmed. In this study, the developed chip was applied to analyze aliphatic amines, 
since they are involved in many biological functions. Furthermore, the retention times were compared with the data 
estimated by an semi-empirical equation to confirm that gradient elution worked well. 

EXPERIMENT
A cross-Tesla mixer, a separation channel (58 mm 

long) with pillar array, and a sample channel were 
fabricated on a 20 × 20 mm silicon chip (Figure 1). 
4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) was 
used as a fluorescent derivatization reagent for 
aliphatic amines (pentylamine, hexylamine, 
heptylamine, and octylamine). 

Four NBD-aliphatic amines were separated under 
isocratic and gradient elution system. Under isocratic 
elution, water/acetonitrile/TFA (90/10/0.12) was used 
as the mobile phase. Under gradient elution, the 
mobile phase was changed from
water/acetonitrile/TFA (90/10/0.12) to 
water/acetonitrile/TFA (10/90/0.12) within 10, 5, and 
1.5 min. The experiment was performed at the flow 
rate of 1 µL/min. 

The retention times of all the compounds under 
different gradient elution conditions were estimated 
by using a semi-empirical equation [4]. 

In the equation, parameters of a and m could be determined by the linear regression relationship of the isocratic logk
and φ, which can be expressed as the equation logk=a-mφ. k is the retention factor, φ is the concentration of the organic 
solvent in the mobile phase. A is the starting concentration of the organic solvent, B is the slope of the gradient elution. 
Vm is the hold up volume of the column. 

Figure 1. (a) Overview of the fabricated microchip. (b) 
pillar array column and sample injection channel 
fabricated on a chip, and (c) cross-Tesla mixer.
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RESULTS AND DISCUSSION
First, four NBD-aliphatic amines were separated under 

isocratic elution. As shown in Figure 2(a), NBD-pentylamine, 
-hexylamine, and -heptylamine could be eluted in 25 min 
under isocratic elution, while the peak of NBD-heptylamine 
was very broad and NBD-octylamine could not be eluted. This
indicated that isocratic elution was not suitable for the analysis 
of NBD-aliphatic amines. Under gradient elution, the retention 
times became shortened with shorter gradient time (Figure 2 
(b), (c), and (d)). With the gradient time of 1.5 min, all the 
compounds could be separated within 110 sec, which was only 
one tenth of that under the isocratic elution conditions. As 
shown in Table 1, the peak width of NBD-heptylamine and 
-octylamine became much smaller under gradient elution 
conditions. Under isocratic elution, the peak width of 
NBD-heptylamine was about 190 sec. With a gradient time of 
10 min, its peak width was much shortened to 4.4 sec. With a 
gradient time of 1.5 min, the peak width was 1.3 sec. Hence, 
compared with isocratic elution, a much faster analysis could 
be achieved by gradient elution.  

Based on the retention times of NBD-aliphatic amines
under different elution conditions, the linear regression 
between the logarithm of the solute retention factor (logk) and 
the volume fraction of the organic modifier in the mobile 
phase (φ) was established. Calibration curves were linear over 
the range of φ from 10 to 40 % with correlation coefficients of 
0.9992 or better for each NBD-aliphatic amines. The equations 
for the four NBD-aliphatic amines were y = -1.74x + 0.92, y =
-2.26x + 1.44, y = -2.62x + 1.98, and y= -3.10x + 2.61.
Accordingly, the parameters of a and m could be obtained
from the equation of logk=a-mφ. Then, the estimation of 
retention times of these NBD-aliphatic amines was calculated 
on the semi-empirical equation. The parameter of A, B, and Vm
could be calculated by the experimental condition. A was 0.1, 
and B was 0.080, 0.16, and 0.53 when the gradient time was 
10, 5 and 1.5 min, respectively. As shown in Table 2, the 
retention times under the different elution conditions 
corresponded to the values which were estimated by the 
equation. The accuracies which were calculated as the 
experimental retention time divided by the estimated retention 
time were ranged from 93.0 to 114.8 %, which indicated that 
the present gradient elution system worked validly.

  

*ND, not detected

Peak width (sec) isocratic 
elution

gradient time
10 min

gradient time
1.5 min

NBD-heptylamine 190 4.4 1.3
NBD-octylamine ND* 3.1 0.9

Figure 2. Chromatograms of separation of NBD-OH 
(peak 1) and NBD-aliphatic amines (peak 2, 
NBD-pentylamine; 3, NBD-hexylamine; 4, 
NBD-heptylamine; and 5, NBD-octylamine) obtained 
under isocratic elution (a, mobile phase: 
water/acetonitrile/TFA (90/10/0.12); flow rate: 1 
µL/min) and gradient elution (mobile phase: 
water/acetonitrile/TFA (0 sec, 90/10/0.12; end, 
10/90/0.12); gradient time: b, 10 min; c, 5 min; and d, 
1.5 min. flow rate: 1 µL/min. 

Table 1. The peak width of NBD-heptylamine and N BD-octylamine under isocratic and gradient 
elution.
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Exp*, retention time obtained by experiments 
Est*, retention time obtained by estimation 
 

In conclusion, fast analysis of biological compounds was performed by using a gradient elution system with a pillar 
array column. Four NBD-aliphatic amines could be separated within 110 sec, which was much faster than under an 
isocratic elution condition. The retention times of NBD-aliphatic amines showed good agreement with the estimated ones 
calculated by a semi-empirical equation, which showed that the gradient elution system worked efficiently. This chip 
should be useful for more efficient analysis in metabolomics study. 
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Gradient time 
Retention time (sec) 

NBD- 
pentylamine 

NBD- 
hexylamine 

NBD- 
heptylamine 

NBD- 
octylamine 

10 min 
Exp*  123 233 314 385 
Est* 117 203 313 418 

5 min 
Exp  102 145 205 239 
Est 101 152 208 256 

1.5 min 
Exp  67 88 100 110 
Est 70 84 100 111 

Table 2. Comparison of the retention times of NBD-aliphatic amines obtained by experiments and semi-empirical 
equation. 
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ABSTRACT 
    Isolation and detection of circulating tumor cells (CTCs) from blood can reveal critical information for cancer 
diagnosis and prognosis [1]. Immunomagnetic assay, together with microfluidic technology, provides a highly 
efficient CTC screening method. In this paper, we investigate the impact of the red blood cells (RBCs) sedimentation 
during the process of isolating CTCs in the immunomagneic microchip system that we previously developed [2]. 
Both computational model and experimental studies are carried out to characterize RBCs sedimentation and its effect 
on CTC capturing in two different microchip orientations, upright and inverted. Colo205 cells (human colon 
adenocarcinoma cell) are spiked into healthy blood samples for screening experiment. The experimental results 
confirm the theoretical models and simulations, both indicating that inverted operation is optimal with higher capture 
rate of 75%. 
 
KEYWORDS 
Blood cell sedimentation, Circulating tumor cells, Immunomagnetic assay, Microfluidic   

 
INTRODUCTION 

The clinical and biological significance of circulating tumor cells (CTCs) in metastatic cancer have been widely 
investigated. Studies of CTCs require effective separation of target cells, which is especially challenging because of 
their extreme rareness in blood (1 ~107 -109 blood cells) [3].  

Various methods have been proposed to separate CTCs from blood samples [4], among which the 
immunomagnetic assay stands out due to its high sensitivity, specificity and simplicity [2]. It utilizes functionalized 
magnetic nanoparticles, conjugated with antibodies that can specifically label the cancer cells in blood. While the 
blood sample flows through the Polydimethylsiloxane (PDMS) microchannel, the labeled cancer cells will be 
separated by the magnetic force, which is generated by the permanent magnets placed outside the channel (shown in 
Figure 1). After capture, we use immunofluorescence technique to identify the captured cells based on the cell 
morphology and fluorescence intensity information. 

Theoretical study of the blood cell isolation has been a topic of interests in applied physics [5, 6]. In this paper, 
we take the non-Newtonian biological fluid nature of blood into account, and build a partial viscos model to describe 
the impact on the CTC isolation from the blood environment. In addition, we developed a simplified while effective 
model to process large amount of cells with high accuracy without consuming significant computational power.  

 Figure 1. Microchip based immunomagnetic CTC 
isolation system. With the influence from the 
hydrodynamic force and gravitational force, magnetic 
force dominates the motion of CTCs and attracts them 
to the substrate of the microchannel for isolation.   

Figure 2. Schematic of RBC sedimentation and partial 
viscosity model of CTC isolation. RBC sedimentation 
in each control volume is in the vertical direction, 
whose magnitude depends on the local RBC volumetric 
concentration 𝛒𝐑𝐁𝐂. 

THEORY 
Before we study the relation between red blood cells (RBCs) sedimentation and the CTCs capture process, we 

first build a model to describe the motion of RBCs [7]. The flow field is segmented into multiple cubic control 
volumes. For each time step, local volumetric RBCs concentration is dynamically calculated using the RBCs flux 
from neighboring control volumes, using Equation (1). 

Δ𝜌𝑅𝐵𝐶 (𝑥, 𝑦, 𝑧) =  (Φ𝑥
+ + Φ𝑥

− + Φ𝑦
+ + Φ𝑦

− + Φ𝑧
+ + Φ𝑧

−)Δt       (1) 
To investigate the effect of RBCs sedimentation on CTC separation, we build a partial viscous model, attributing 

the drag force on CTCs to both the medium and RBCs, as illustrated in Figure 2. Therefore, the total drag force 
experienced by the cell is  

Fdrag = 6π∆Vcellηmed + 6πRcell(∆Vcell − ∆VRBC)∆ηRBC(ρRBC)      (2) 
Under a Quasi-Static motion assumption (Fmag = Fdrag ), the instant velocity of the CTCs is completely 

dependent on the local magnetic field (Fmag =
V∆χcell

2μ0
∇B2), flow field and local viscosity, and can be described as 
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Vcell =
Fmag+6πRcell∆VRBC∆ηRBC

6πRcell(ηmed+∆ηRBC)
+ Vmed      (3) 

For each step time t → t + ∆t, the position (Dx,y,z) of the cell can be updated according to  
Dx,y,z(t + ∆t) = Dx,y,z(t) + Vcell∆t      (4) 

here Δ𝜌𝑅𝐵𝐶  is the RBC volumetric concentration (𝜌𝑅𝐵𝐶) change in time ∆t; Φ𝑥,𝑦,𝑧
+/−  is the RBC flux in one 

neighboring side of the control volumes in six directions; ∆Vcell is the velocity difference between the cell and the 
medium; ηmed is the viscosity coefficient of the buffer solution; Rcell is the radius of the cells; ∆VRBC is the RBC 
sedimentation velocity, which only works in the direction perpendicular to the substrate; ∆ηRBC(ρRBC) is the partial 
viscosity coefficient due to the RBC volumetric concentration, which is obtained through experimental measurement; 
∆χcell is the magnetic susceptibility of the cells; B is the local magnetic flux density. 

 
EXPERIMENT: EFFECT OF MEDIUM VISCOSITY ON CELL MOTION 

RBCs sedimentation, as indicated in the model, will eventually result in different viscosities. In order to address 
its effect on CTC capture, we record and study the cell motion in the near-surface region in different viscous 
mediums using the system shown in Figure 3(a). PBS buffer solution and 5% Polyvinyl alcohol solution (PVA), 
which has a higher viscosity, are chosen for comparison. Colo205 cells are spiked into PBS/PVA solutions for 
observation experiment. Cell motion videos are divided into frames and stacking on each other to form the trajectory 
as shown in Figure 3(b), from which cell instant velocities and planar positions can be directly extracted. From the 
moment the cells becoming visible to their firm stop, the time (35s) and distance (980μm) needed in PVA are twice 
as those in PBS solution (20s, 400 μm) as shown in Figure 3(c).  

According to our model, higher medium viscosity generates higher drag forces. The cells are in similar magnetic 
environment (we focus on the same spots on the glass slide), this essentially changes the acceleration of the cells in 
both vertical and horizontal directions. Therefore, the cells approach the substrate slower, giving them more time to 
move forward, hence increasing the opportunities of the cells slipping away from the channel without being 
captured.  

 
Figure 3. System set-up and cell trajectory results. (a) Schematic of the measurement system. The microscope 

focus on the substrate of the channel at the same planar position, therefore the cells can be considered to be in 
similar magnetic environment, with same initial height. (b) The Colo205 cell trajectory calculated by stacking 
different frames pictures on top of each. (c) Experimental results of the instant velocities and positions of the cells 
moving in PBS and PVA separately. 

 
EXPERIMENT: EFFECT OF BLOOD SEDIMENTATION ON CTCS CAPTURE 

Using our model, we are able to calculate the RBC sedimentation pattern in the microfluidic channel under two 
different channel orientations, regarding different directional relation between the magnetic force and gravitational 
force. Figure 4 shows the development of the RBC sedimentation in both upright and inverted channels. The glass 
slide substrate, where the cells are expected to be captured, gradually gets covered in the upright channel, while it 
stays uncovered in the inverted case. This thick layer of RBCs creates a high viscosity zone, which makes it more 
difficult for the CTCs to get close and be captured by the channel. In addition, we are also able to theoretically track 
the trajectories of cells in the microchannels with two orientations, as illustrated in Figure 5. 

To verify the theoretical models, we carry out blood screening experiments with the same settings in the 
simulation by placing the microchannel upright and inverted. Again Colo205 cells were spiked into healthy blood 
samples for screening experiment. Figure 6(a) shows the design of the microfluidic channel, and blood sample filling 
the channel. The immunofluorescent images of the captured cancer cells are presented in Figure 6(b). Figure 6(c) is 
the picture of the automated screening system that can change the channel orientations under the control of a 
LabView program. Comparisons between the counts and coordinates of the captured cells obtained through the 
simulation and experiments yields high consistency, as shown in Figure 7. In upright channel, the capture rate 
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(=
Number of captured cells

Total number of spiked cells
) is 40%, while it goes up to 75% in the inverted channel.  

 
Figure 4. Simulation results of the RBC sedimentation 
in the (a) upright and (b) inverted channels at the center 
plane for time points of 20s, 40s and 80s. The upright 
channel in (a) show thicker sedimentation layer on the 
substrate surface. 

Figure 5. Theoretical calculation of cell trajectories 
within the microchannel in both (a) upright (b) inverted 
channels. The positions of the inlet/outlet holes, and the 
magnets are shown.

 

 
Figure 6. Microchip based CTC screening system. (a) 
The microfluidic chip, where the blood sample is 
flowing through the microchannel. (b) 
Immunofluorescet images of the captured cells, which 
are stained with CK, CD45 and DAPI for identification. 
(c) Automated screening system with motion control. 
The system is controlled by a Lab-view program to 
switch the orientation of the microchannels. 

 
Figure 7. Captured cell counting and mapping on the 
glass slide form both simulation and experiments. (a) 
Upright channel, (b) Inverted channel. Total number of 
cell released was 150 (Colo205 cells spiked into 
healthy blood samples). 

 
In conclusion, we investigate the effect of blood cell sedimentation on immunomagnetic isolation of CTCs in 

microfluidic chips. We develop a theoretical model to describe the sedimentation motion of RBCs and characterize 
the impact of RBC sedimentation on CTC isolation process using immunomagnetic microchip system. The 
experimental results verified the theoretical design calculation, which indicated the preferable design of inverted 
microchannel orientation to achieve higher capture rate. 
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MICROFLUIDIC EXTRACTION OF RNA FROM BLOOD 
Anita Rogacs and Juan G. Santiago 
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ABSTRACT 
We demonstrate a novel assay for purification of RNA (16S rRNA) from whole human blood infected with Pseudomonas 

Putida (P. Putida). This assay is unique in that the extraction chemistry provides a method which both lyses bacteria cells 
and protects RNA from degradation when isolating from matrices rich with ribonuclease (RNase) (such as blood). The 
method can also be integrated with on-chip RNA purification using isotachophoresis (ITP). We demonstrate that the 
extracted 16S rRNA is compatible with reverse transcription polymerase chain reaction (RT-qPCR) and detect P. putida 
infected whole blood at clinically relevant bacterial cell concentration of 30-30,000 bacteria per microliter of blood. 

KEYWORDS 
Isotachophoresis, RNA, blood, microfluidic extraction, Rnase inactivation, sample preparation 

INTRODUCTION 
16S rRNA is a universal constituent of bacterial ribosomes. This sequence is present at high copy numbers (103 to 104 per 

actively growing cell)[1] and so targeting the RNA can potentially increase assay sensitivity compared to assays targeting the 
corresponding DNA. However, RNA is a challenging blood biomarker due to its extreme lability. RNA rapidly degrades at 
elevated temperature (>65°C), at high pH, and/or in the presence of ribonucleases (RNases). As one example, without 
sufficient RNase inactivation, free RNA is non-amplifiable after 15 s of incubation in plasma or serum.[2]  Furthermore, 
whole blood samples can have high viscosity, insoluble cell debris, serum proteins, endogenous phospholipids and 
anticoagulants, which further compromise extraction efficiency and specificity of microfluidic isolation methods.[3] We 
know of only two other studies which have reported microfluidic-based isolation of RNA from blood or blood product. Witek 
et al.[4] extracted RNA from bacterial cells suspended in blood using photoactivated polycarbonate solid-phase reversible 
immobilization microfluidic chip. However, their assay did not address adequate RNase control. We attribute their high RNA 
integrity to the extraordinarily high bacterial density of 18E6 ¢/μL-blood used, a density 106 higher than our work. Root et 
al.[5] employed an oligonucleotide polymer capture matrix for RNA isolation, but offered no lysing strategy; instead, their 
assay spiked free RNA into serum already containing a powerful RNase inhibitor. There is, therefore, still a significant need 
for a microfluidic assay which (1) has adequate RNase control, (2) can enable direct integration of lysis and nucleic acid 
purification (particularly RNA), and (3) provide nucleic acid samples compatible with amplification methods.  

Isotachophoresis (ITP) offers an alternative to solid-phase or liquid-phase extraction and purification of nucleic 
acids.[6,7] The input reagents used in ITP can be compatible with lysis and RNase mitigation strategies, and output buffers 
can be compatible with enzymatic amplification assays. ITP does not require specialized geometries, specific surfaces, or 
pumping of reagents. In ITP, the applied electric field extracts and preconcentrates the target analytes whose electrophoretic 
mobility is between the anions of the trailing (TE) and leading electrolytes (LE). While the anionic inhibitors with mobilites 
lower than of the TE do electrophorese into the microchannel, they do not focus. The separation distance,   , between the 
ITP zone containing the nucleic acid, and the diffuse zone front of potentially PCR-inhibiting contaminants can be expressed 
as    (       ⁄ ) , where   is the channel length and    ,     are the mobilites of the inhibitor and TE, respectively.  

Successful ITP extractions were demonstrated for small RNA from cell culture lysate,[8] micro-RNA from total RNA[9] 
genomic DNA (gDNA)[6] and pathogenic DNA (malaria)[10] from whole blood lysate; and rRNA from bacteria in urine 
lysate.[11] However, no previous nucleic acid extraction protocols using ITP have been designed for adequate RNase 
mitigation and RNA integrity. In this study, we offer a novel lysing and RNAse control chemistry which is compatible with 
ITP-based isolation of total nucleic acid from gram-negative bacteria suspended in whole human blood. The work we 
describe here was very recently published as Rogacs et al.,[12] and we here provide a summary of this work as well as 
additional information and data which was published as part on the Supplementary Information document of Rogacs et al.  

 
EXPERIMENT 

To our knowledge, this work is the first to report extraction of RNA from blood or blood lysate in a microfluidic system 
at clinically relevant RNA copy numbers. Our assay (Fig. 1A) addresses the inherent challenges by performing rapid alkaline 
lysis of bacteria-infected blood in the presence of dithiothreitol (DTT) reducing agent and Triton X-100 non-ionic surfactant. 
We attribute the success of this approach to adequate destabilization and destruction of disulfide bonds of the normally very 
stable RNases. RNase activity requires its disulfide (S-S) bond be intact. While NaOH can reduce these S-S bonds, the half-
life of RNase in 0.2 M NaOH is ~30 min.[13] Meanwhile, as we have mentioned, long incubation in alkali conditions 
degrades RNA. However, RNase degradation can be greatly accelerated during alkali lysing by adding detergents, 
denaturants and/or reducing agents such as DTT.[14] In our assay, we found that the addition of a reducing agent alone, 40 
mM DTT to 125 mM NaOH, in the presence of 1% non-ionic detergent (Triton X-100), results in adequate mitigation of 
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RNA degradation. We hypothesize that this mixture adequately destabilizes and covalently destroys disulfide bonds of the 
normally stable RNases even during 1 min of incubation.  

We also spiked large amounts of polyA synthetic carrier RNA sequences into the lysate to serve as a competitive 
substrate for RNase activity. That is, we hypothesize that the abundant carrier RNA reduces enzymatic activity on our trace-
concentration, target RNA by acting as a high abundance inhibitor to RNase. Figure 1B summarizes example preliminary 
experiments we performed in part to support our hypotheses concerning the combined effect of both DTT and carrier RNA 
on target RNA stability and recovery.  

After 1 min incubation in the lysis cocktail, we “quenched” the high pH with ice-cold TE buffer, and then directly 
pipetted the combined lysate and TE into the input well of a microfluidic chip pre-filled with LE. We placed platinum wire 
electrodes into the wells, and applied +1000 V to the extraction well and grounded the TE well using Keithley 2410 
sourcemeter. We monitored the decreasing current signal which plateaued near t = 220 s, coincident with the time at which 
the focused NA eluted into the extraction well. We gently mixed the content of the extraction well with a standard pipette, 
and collected 4 μl aliquots for each of the off-chip RT-qPCR and PCR assays. (Fig. 1A) 
 

 
Figure 1. (A) Summary of protocol with one mixing and two dispensing steps for otherwise automated on-chip RNA 
extraction from whole blood. Lysate (brown) containing nucleic acid (green), proteins, and PCR-inhibiting chemistries is 
mixed with the TE. Appropriate selection of the ITP buffers facilitates selective extraction and focusing of nucleic acid from 
the PCR inhibiting chemistry. The detail view at the bottom is an experimental fluorescence image of RNA stained with 
SYBR Green II, directly extracted from whole blood lysate, and focused into a concentrated zone. The amplification plot 
shows sample data summarizing the result of alkaline based lysing (enhanced with Triton X-100, DTT and carrier RNA) of 
total NA from whole blood spiked with P. Putida at 30 ¢/nL, followed by ITP-based purification of total NA. RT-qPCR and 
qPCR were used to verify successful extraction of 16S rRNA (red dotted) and 16S rDNA (red bold dashed).  Extractions 
from negative control template (uninfected blood) amplified (blue solid line) above 30 cycles in RT-qPCR and did not 
amplify within 40 cycles in qPCR. (B) Experimental demonstrations of the combined effect of reducing agent (DTT) and 
carrier RNA on the ITP-based RNA extraction and purification assay. Lysing in presence of DTT and carrier RNA yields 
consistent and low threshold amplification cycles at two different bacterial cell densities. In their absence, bacterial RNA 
extractions and their subsequent amplification either failed or were significantly compromised. NA indicates no amplification 
within 40 cycles. Negative controls amplified above 30 cycles.  
 

The microchannel was filled with leading electrolyte, LE1, containing 0.1% Triton X-100, 1 U/μL Rnasin Plus, 1% 
1.3 MDa poly(vinylpyrrolidone) (PVP) and 1X SYBR Green II in 100 mM Tris hydrochloride (Tris-HCl) at pH 7.5. The 
extraction well was filled with PCR-compatible leading electrolyte, LE2, containing 1 U/μL Rnasin Plus, and 1% 1.3 MDa 
PVP in 20 mM Tris-HCl at pH 7.5, which provided a good balance between PCR compatibility and buffering capacity. PVP 
and Triton X-100 served to suppress electroosmotic flow and aid solubility of the denatured proteins, respectively.  

Pseudomonas Putida cells were purchased from ATCC (#12633), and cultured in Luria Broth (Invitrogen) at 37°C to a 
final concentration of 3e6 ¢/mL, and quantified by the plate count method. Bacteria suspensions were pelleted before diluting 
them in blood (collected in heparin tubes at the Stanford Blood Center) at 3x107, 3x106, 3x105, and 3x104 ¢/mL 
concentrations, and were stored at -80°C.  We lysed 20 μL of whole blood with suspended P. putida using a mixture of 1% 
Triton X-100, 125 mM NaOH, 40 mM DTT and 0.4 mg/mL carrier polyA RNA. After 1 min of incubation at room 
temperature, we mixed 10 μL of lysate with 90 μL of ice-cold TE buffer (28 mM HEPES, 1% Triton X-100, pH~7.4).  

Our ITP-based NA extraction and purification assay requires limited manual handling and automates the extraction, 

preconcentration, and buffer transfer steps in under 5 min. The extracted 16S rRNA was purified of PCR inhibitors and was 
detected in P. putida infected whole blood at bacterial cell concentration of 30-30E3 ¢/L-blood (Fig. 2A and 2B). We have 
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also successfully performed RNA extraction from E. coli infected whole blood (data not shown).  Together, our results 
suggest our protocol can be successfully adapted to RNA extraction and detection from many gram-negative bacteria in 
challenging matrices by simply changing the primer sequence and RT-qPCR protocol.  
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Figure 2. (A) Shown are raw RT-qPCR amplification curves for 16S rRNA purified from P. putida infected whole human 
blood at bacterial cell concentration of 0.03, 0.3, 3, and 30 ¢/nL. We performed RT-qPCR using Power SYBR Green RNA-
to-CT 1-Step Kit from Applied Biosystems with 150 nM forward (5'CAAAACTGGCAAGCTAGAGTACG) and 150 nM 
reverse (5'TAAAATCTCAAGGATTCCAACGGCT) primers.  The thermal profile was set to: 30 min initial hold at 48°C, 
followed by 10 min hold at 95°C and 40 cycles composed of 15 s denaturation at 95°C and 1 min annealing and extension at 
60°C. (B) RT-qPCR threshold cycles of amplification curves shown in Figure 2A. Plot summarizes the results for a total of 
13 experiments, four at 0.03 ¢/nL and three each at 0.3, 3 and 30 ¢/nL bacterial cell concentrations. All negative controls for 
RT-qPCR (uninfected blood) amplified above 30 cycles (not shown). Threshold amplification cycles for PCR reactions 
targeting the 16S rRNA gene were above 30 for all experiments, demonstrating sensitivity to RNA versus DNA. 
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ABSTRACT 
    We propose a novel route to build Flow Field Effect Transistors thanks to the deposition of ITO/SiC bilayer in 
microfluidic chips. We demonstrate the ability of this thin microfluidic component to tune the velocity of latex beads 
in during pure electrokinetic sequences. A Wheatstone fluidic bridge geometry was used to measure velocities by 
particle image velocimetry (PIV) in real time of the fluorescent latex beads. The low electric potential applied in 
those experiments opens an opportunity to integrate such transistors in future portable microfluidic devices. 
 
KEYWORDS 
Microfluidic transistor, electrophoretic separation, electroosmotic flow, polarizable interface
 
INTRODUCTION 

Control of surface charges during electrokinetic migration is a major challenge of MICRO-TAS. Since Van den 
Berg’s group introduced Flow Field Effect Transistors (FFET) in the late 90’s, the protonation/deprotonation 
phenomena as well as the distribution of ionic species in the thin interfacial layer were showed to be of crucial 
importance to determine the microfluidic flow [1]. We worked on Polarizable Interfaces as a fluidic transistor 
(PI-FFET) that differs from the Metal-Insulator-Electrolyte (MIE) based FFETs that require high voltages for the 
control of electrokinetic transport. The integration of PI-FFET in microfluidic chips allows a modulation of 
electrokinetic transport rate with low gate voltages that remains the main advantage of PI-FFET as compared to the 
MIE components [2, 3]. In this paper, we report our latest results to tune the transport of charged analytes with an 
ultralow voltage configuration. 

EXPERIMENTAL 
A glass photosensitive-PDMS glass technology was used to fabricate sandwich microchips in a clean room. This 

study was achieved using a microfluidic Wheatstone bridge technique [4]. We investigate the potential of this new 
generation of PI-FFET that integrates a 200nm thick ITO/SiC gate electrode (Figure 1) in direct contact with the 
electrolyte to precisely tune the electrokinetic flow. The global hydrodynamic flow was controlled in the Wheatstone 
bridge by adjusting the electric potential at both ends of the fluidic transistor. 

The instrumentation coupled with the electronic configuration of our platform (Figure 2) was able to finely 
modulate the fluidic stream under a 5V transverse electrical voltage with a gate voltage lower than 1V. In order to 
obtain a stable flow control, platinum measurement electrodes were integrated at a 20!m distance from the PI-FFET 
gate control electrodes (see figure 1C). These electrodes that were connected to voltage follower with operational 
amplifiers were used as reference electrodes to perfectly adjust PI-FFET gate voltage according to the liquid 
potential measured at channel entrance. The challenging voltages used in our platform were achieved because the 
potential of the electrolyte can be determined without current leakage in order to finely adjust the gate voltage that 
controls the flow distribution all over the fluidic network. This original approach enabled us to minimize 
electrochemical deterioration of polarizable interfaces reported before [2] and to proceed to systematic evaluation of 
charged particle transport through our gate channels. 

 
 

 
 
 
 
 

 
Figure 1. The Wheatstone fluidic bridge that integrates a PI-FFET in the central channel: (A) the whole chip with 

additional blue dashed lines to show the fluidic network (B) a zoom of the PI-FFET in the central channel showing 
the SiC/ITO interface in brown (C) a second zoom at one end of the polarizable interface corresponding to the red 

line rectangle in A and B that shows the gate control electrode on top of the ITO/SiC bilayer and the reference 
electrode for a precise measurement of the liquid potential at the entrance of the channel. 
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Figure 2. The 3rd generation of PI-FFET: schematic view of the central channel that integrates control and references 
electrodes with specific electronics for voltage adjustment. 

 
RESULTS AND DISCUSSION 

The transport rate of carboxylated polystyrene beads was measured at gate channel entrance using 
cross-correlation particle imaging velocimetry (Figure 3). The transistor enslaves the electrophoretic flow in the 
center channel of the chip, while electrophoretic motion of the particles remains constant. At moderate ionic 
strengths (1mM KCl), the mean velocity of particles decreases as a function of the gate voltage by a factor up to 
three (Figure 4). We could observe that the control of the electro-osmotic counter flow remains maximal under 
300mV. 

The design and microfabrication of the polarizable interface, i.e., the thin bilayer of ITO/SiC was chosen since 
the expected parallel resistance model was not experimentally verified. A very thin conductive layer of ITO shall 
improve the control length of the polarizable SiC layer and its attachment to inner wall of the microfluidic channel. 
It could allow a better distribution of the charge at liquid/transistor interface. Moreover the electrochemical reactions 
may occur at higher voltages. Under these conditions the removal of residual diluted gas in the KCl solution helps to 
prevent such destructive reactions. However, the originality of our approach is based on the introduction of reference 
electrodes that are connected to two independent voltage followers in order to apply the correct gate voltage inside 
the polarizable window of the interface. These references electrodes avoid any destruction of the SiC/ITO interface. 
Indeed electrochemical characterization of this bilayer has been also performed in conventional glass cell to 
determine the polarizable window of the gate and thus the range of usable gate voltage. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. PIV vector field measured in a lateral channel (300µm) at a 1 cm distance away from the PI-FFET.  
The 3.33V/cm electric field is generated in the center channel. 
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Figure 4. PIV mean velocity of carboxylated polystyrene microbeads as a function of gate voltage applied 
symmetrically on the PI-FFET control electrodes. 

 
CONCLUSION 

With this new generation of bilayer ITO/SiC polarisable interface, we succeeded in precisely tuning the transport 
rate of particles in PI-FFETs using low electric consumption system. The transverse and gate voltages used during 
these experiments (< 5V) point out that PI-FFET could be implemented in portable MICRO-TAS [5]. The mobility 
control in the gate channel opens the route to a new kind of sample sorting. The lateral reference electrodes also 
enabled us to adjust the local potential of the PI-FFETS independently of the transverse electric field. These 
PI-FFETs could represent a new opportunity to massively integrate such molecular transistors in MICRO-TAS. 
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ABSTRACT 
   In this study, we fabricated a novel nanostructure that combined the pillar structures (nanopillar) and dammed 
structures (nanoslit) in nanometer-scale inside microchannels to realize ultra-fast separation.  Nanopilliar chips 
were fabricated by using electron-beam lithography, photolithography and plasma etching.  We used the nanopillar 
chip to realize ultra-fast separation of T4 DNA (165.5 kbp) and microRNA (22 b).  By decreasing height down to 
100 nm, we succeeded in separating DNA and microRNA in sub-milliseconds.  
 
KEYWORDS 
Nanostructures, Nanopillars, DNA separation, Electrophoresis. 

 
INTRODUCTION 

DNA sequencer has been developed in recent years, and even faster DNA sequencer, such as nanopore sequencer, 
is under investigation, and becoming an increasingly competitive research field.  For DNA sequencing by using the 
nanopore sequencer, the speed-up of biomolecules separation is critically required for a part of pretreatment steps.  
Researches, who work on separation technology, decided to use nanofabricated-structures to achieve their aims [1].   
With the development of the nanofabricated technology, a number of researches on nanostructures have been 
reported.  Researches have been performed separation of biomolecules by using nanofabricated structures as the 
separation medium instead of polymer and gel matrices.  As one of the nanostructures, a nanopillar structure, which 
was made inside the channel on the quartz substrates, attracts attention of researchers [2].  In this research, 
nanopillar devices were fabricated, in which nanopillar were made inside microchannels on quartz substrates, and we 
used the nanopillar devices as the separation medium to separate the biomolecules.  In this study, a novel nanopillar 
array structure were fabricated inside microchannels on quartz substrates to achieve ultra-fast separation and it was 
used as separation matrices to separate DNA molecules. 
 
THEORY  

Separation of DNA molecules using the nanopillar array structure is based on trapping of DNA molecules at the 
entrance of this structure.  While longer DNA molecules were trapped after physical collision with the nanopillar 
array structure, shorter DNA molecules passed through the nanopillar array structure without any collisions (Figure 1).  
Because of differences of physical behaviors, we can separate longer and shorter DNA molecules under applied 
electric fields. 

 
 

 
 
 
 
 
 
 

Figure 1.  Principle of separation of DNA molecules under applied electric field. 

EXPERIMENT 
In order to separate DNA molecules in less than milliseconds, we designed a novel nanopillar array structure, 

which is the combination of the nanopillar and nanoslit array structure.  The novel chip was fabricated on quartz 
substrates by using electron-beam lithography, photolithography and plasma etching.  The detailed fabrication of 
the novel nanopillar chip was shown in Figure 2.  The nanopillar array structure had 318nm in diameter, 660 nm in 
spacing, and 100 nm in height (Figure 3), and the SEM image of the nanopillar array structure embedded in 
microchannel was also shown in Figure 3.   The location of nanopillar structures were near to the cross of 
microchannel to realize ultra-fast separation.  We used T4 DNA (165.5 kbp) DNA and microRNA (22 b) as a DNA 
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sample which were dyed with YOYO-1 fluorescent dye at a ratio of 1 dye molecule per every 10 base pairs and 
Alexa 488 fluorescent at the terminal of microRNA.  DNA sample was introduced to nanopillar region by applying 
7500 V/cm electric field.  The measurements were performed with a fluorescent microscope system consisting of a 
Nikon Eclipse TE300 inverted microscope, 10×/1.40NA oil-immersion objective lens, and an high-speed camera. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2.  Fabrication of the novel nanostructure that combined the pillar structures (nanopillar) and dammed 
structures (nanoslit) in nanometer-scale inside microchannels. 
 

 
(a)                       (b)     (c)                     

 
 

  
  
 
 
 
 
 

 
 
(d)                              (e)                            (f)  
 
 
 
 
 
 
 
 
 
 
Figure 3.  Novel nanopillar array structure fabricated on quartz substrates before sealing by coverslips.  The 
nanopillar dimension was 318 nm in diameter, 660 nm in spacing and 100 nm in height.  (a) Schematic and (b) An 
optical photograph of the nanopillar chip.  (c) Illustration of the nanopillar array structure.  (d) A top view of the 
nanopillar array structure.  (e) SEM image of the novel nanopillar array structure.  (f) Magnified SEM image in 
(e). 
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RESULTS AND DISCUSSION 
We successfully separated T4 DNA(165.5 kbp) and microRNA (22 b) in 1500 μs by applying electric field of 

7500 V/cm.  Before the sample was introduced to nanopillar region, graph of fluorescence intensity against the 
distance was shown in Figure 4 (a), and after 1500 μs, two peaks were revealed as shown in Figure 4 (b), in which 
T4 DNA and microRNA were left and right peak, respectively,.  Under this electric field, the mobility of microRNA 
was 1.47×10-4 cm2/(V・s) calculated by equation µ=v/E, which was quite faster than the diffusion coefficient (D=1.0
×10-6 cm2/s) of the same size DNA [3].  It was considering as the key of separating T4 (165.5 kbp) DNA and 
microRNA (22 b) in ultra-fast speed.  So far, with the 100 nm height of nanopillar array structure, we made the 
separation speed drastically to 1500 µs, and we would attain nanoseconds separation by considering nanopillar 
diameter, spacing between nanopillars and high electric field. 
 

(a)                                  (b) 
  

 
 
 
 
 
 
 
 
 
 

 
 
Figure 4. Results of separation of T4 DNA (165.5 kbp) and microRNA (22 b) by the nanopillar array structure with 
100 nm height under applying electric field 7500 V/cm.  (a) Result at the time of 0 µs and (b) result at the time of 
1500 μs. 

CONCLUSIONS 
   In summary, we fabricated he novel nanostructure that combined the pillar structures (nanopillar) and dammed 
structures (nanoslit) in nanometer-scale inside microchannels to realize ultra-fast separation of DNA molecules.  
And we succeeded in using the height of 4 µm nanopillar array structure to separate T4 DNA(165.5 kbp) and 
microRNA (22 b) in ultra-fast speed 1500 μs.   
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ABSTRACT 
Here we report a cell-based separation microdevice using human renal proximal tubule epithelial cells. Near 

organ-level of separation efficiency and selectivity including reabsorption and clearance by renal tubule cells was 
demonstrated on chip. In addition, cell performance was directly measured under different operating parameters 
(flow rate and feeding concentration) in order to optimize the cell separating capability. This cell-base separation 
microdevice also referred to as bioartificial renal tubule on chip has the potential for drug screening and portable 
medical care device for kidney failure [1].  
 
KEYWORDS 
cell-based separation, renal tubule cell, bioartificial renal tubule, reabsorption, clearance. 

 
INTRODUCTION

Separation modes in microfluidics such as chromatography, electrophoresis, and filtration are mainly based on 
single parameter including chemical affinity, electronic charge, and molecular size, respectively. When the 
separation modes above deal with a complicated biological fluid system, one-step separation usually cannot be 
accomplished due to the complicity and close property of the system. Here, we present a novel cell-based separation 
mode for the separation of biological fluid samples using the intrinsic physiological functions of cells. Especially, 
this proposal can as well extend the cellular function into micro unit operations for micro chemical engineering.  

 
EXPERIMENT 

Proximal renal tubule reabsorbs nearly 90% of glucose / 70% of electrolytes as nutrients and simultaneously 
clears wastes such as urea and creatinine (clearance ratio of 70% and 100%). Based on this concept, we constructed 
a separation microdevice with compartmentalized structure in which human renal proximal tubule epithelial were 
cultured on the polycarbonate porous membrane (pore size: 3 μm, thickness: 15 μm) between the upper and lower 
microchannels (Figure 1). Construction of the compartmentalized structure between glass substrates and membrane 
was achieved by low temperature bonding. 

 

 
(a)                               (b)                        (c) 

 
Figure 1. Construction of a sandwich structure for cell-based separation microdevice: (a) basic structure of 

microchips with upper and lower channel and membrane in the middle (b) realization of structure by 
glass-membrane bonding (c) cross section of compartmentalized structure 

 
Perfusion culture of renal tubule cells on chip was described as follows: membrane within microchannel was 

perfused by matrigel dissolved in non-serum renal epithelial basal medium at 0.5 μl/min for 2 h. Cell suspension was 
then injected into the microchannel at 5✕106 cells/ml and cultured for 4-5 days. And then, cells were detected by 
nuclei staining using DAPI to prove the confluent attachment to membrane. Immunostaining was also made to 
confirm the tight junction between cells using rabbit anti-ZO-1 as primary and Alexa Fluor 488 conjugated 
goat-anti-rabbit as secondary.  

For the demonstration of separating function including reabsorption and clearance of renal tubule cells, first of 
all a cell layer leakage test by inulin was made before every run of experiment. Inulin standard solution (c0 = 50 
μg/ml) and water were introduced into the upper and lower channels at a flow rate of 2 μl/min, respectively. Leakage 
ratio was defined as the ratio of inulin concentration (ci) in the collection and the initial standard solution. After that, 
reabsorption and clearance of renal tubule cells were demonstrated by the same experimental setup (Figure 2) with 
that of inulin. Primary urine (solution consist of 50 μg/ml of 
glucose, 0.2 M NaCl, 10 μg/ml of urea and 10 μg/ml of creatinine) 
was introduced into the upper microchannel. Reabsorption / 
clearance ratio was defined as ratio of concentration (C1 and C2) in 
lower reabsorbate / upper waste and the initial feeding 
concentration (C0). All the concentrations were determined by 
colorimetric method with standard assay kits.                 Figure 2. Experimental setup for cell layer           

leakage test and renal tubule  
demonstration on chip 
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Finally for the optimization of operating parameters, a numerical model to describe this cell-based micro 
separation process was established. Reabsorption and clearance ratio were tested under different feeding 
concentrations (C0 = 0-1000 μg/ml) and flow rates (Q0 = 2-16 μl/min) by the same experimental setup with above. 
Control experiment was carried out with a bare membrane.  

 
RESULTS AND DISCUSSION 

Renal tubule cells reached confluent monolayer with a coverage ratio over 95% on the membrane inside the 
microchannel. Specific protein expressing of tight junction ZO-1 was also detected of the cells as shown in Figure 3.  

 

 
 

Figure 3. Nuclei staining and immunostaining of renal tubule cells on chip (DAPI: blue, Alexa Fluor 488: green) 
 
For the demonstration of cellular separation on chip, first of all less than 5% leakage was proved. Reabsorption 

ratio of nearly 60% of glucose / 65% of Na+ and clearance ratio of 60% of urea / 90% of creatinine were achieved 
which are more efficient than the macro renal assist device [2] (Figure 4). This is the first successful attempt to 
integrate renal tubule cells into microspace near in vivo level. The reason of high cell performance was explained as 
much thinner membrane compared with that of macro and the membrane incorporation by rigid glass substrate can 
prevent membrane deformation so as the ensure an intact cell layer.  

 

 
(a)                       (b)                     (c) 

Figure 4. Results of renal tubule demonstration on chip: (a) leakage ratio (b) reabsorption ratio (c) clearance ratio 

 
Reabsorption and clearance by renal tubule cells under different operating conditions were shown in Figure 5 and 

Figure 6 and the numerical model is based on the following equation, where S is the membrane surface area and ωm 
and ωcell is the permeability coefficient of membrane and cell layer, respectively.  

 

 
 
Experimental values and theoretical line agrees well both for bare membrane and cell layer. In the reabsorption 

experiment of glucose under different feeding concentrations, when C0 exceeded 800 μg/ml, a reabsorption 
saturation value of 0.97 μg/min was observed. This is consistent with the “glomeruli-tubular balance” theory [3] that 
the reabsorption is proportional with the concentration in filtrate from the glomeruli of kidney. But the value of 1.3 
μg/min is still lower than 1.8 μg/min in vivo which is common in the in vitro cell experiment that declining of cell 
performance occurs. An enhancement of reabsorption by the cell layer over the bare membrane was observed (Figure 
5 (a)). This is explained as that the cell layer offers active transport by the transport proteins and enzymes so as to 
improve the performance compared to bare membrane.  

Interesting phenomena of the reabsorption when varying the flow rate has been observed that when shear stress 
was increased, an increased reabsorbing quantity was obtained. The permeability coefficient ωcell was switchable to 
different shear stress that indicating a higher shear stress within the range max can enhance the cell performance as 
shown in Figure 5 (b). In the first segment of “no activation”, the flow rate is low so that cell performance is lower 
than the prediction. Corresponding to a higher shear stress, the cell performance was enhanced obviously which is 
consistent with the cell morphology change also named “cell reorganization” due to the shear stress. [4] In the last 
segment of flow rate, the cells cultured on membrane cannot endure and began to detach from the membrane which 
can be improved from the detached cells detection in the outlet solution from the upper microchannel.  
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              (a)                                          (b) 
Figure 5. (a) reabsorption under different feeding concentrations (black line: theoretical of bare membrane, red dots: 

experimental of bare membrane, blue dots: experimental of cell layer, blue line: fitting of cell layer) (b) 
reabsorption under different flow rates (green dots: experimental of cell layer, blue line: theoretical of cell 
layer) 

 
  

 
 
 
 
 
 
 

(a)                                  (b) 
Figure 6. (a) clearance under different feeding concentrations (black line: theoretical of bare membrane, blue dots: 

experimental of cell layer, red line: theoretical of cell layer) (b) clearance under different flow rates (black 
line: theoretical of bare membrane, blue dots: experimental of cell layer, red line: theoretical of cell layer) 

 
Creatinine was selected for the clearance experiment. Experimental results and theoretical prediction are shown 

in Figure 6 (a). Clearance of creatinine under varied flow rates are shown as Figure 6 (b). A similar tendency was 
observed when the flow is higher than 10 μl/min that the performance of cell layer begin to decline and this indicated 
a collapsed layer also illustrated in the reabsorption experiment. 

 
CONCLUSION 

A cell-based separation microdevice using renal tubule cells was successfully demonstrated in a 
compartmentalized structure constructed by glass-membrane low temperature bonding. Near organ-level separation 
was realized due to the microenvironment supplied for the cell proliferation. Optimization of flow rate and feeding 
concentration was also studied and a higher shear stress activation effect to the cells was proved by a direct 
physiological measurement. 
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ABSTRACT 

We have succeeded in isolating virus from the particle laden solution like body fluid. Because many of virus 
infectious diseases occur in the developing region, compact and low-cost device for virus detection from the 
patients’ body fluid is required. We proposed a microfluidic chip for virus isolation by hydroxyapatite 
chromatography. This microfluidic chip utilized a column and a pair of switching valves. In the upstream and 
downstream part of the column, cylindrical micropillars are placed to hold the hydroxyapatite particles in the column. 
Chromatography was carried out in this column and the viruses were successfully isolated by buffer displacement. 
 
KEYWORDS 
Virus detection, Hydroxyapatite, Chromatography.  

 
INTRODUCTION 

Many of virus infectious diseases occur in the 
developing countries in Asia and sub-Saharan Africa, 
where it is very difficult to diagnose virus infection 
because of poor medical technology and poverty. In 
order to diagnose virus infection accurately at an early 
stage, it is indispensable to isolate virus from body fluid 
and detect in situ.   

Tiselius et al. first introduced protein purification by 
hydroxyapatite liquid chromatography in 1956 [1]. 
Hydroxyapatite is a very complex crystalline compound 
with the sum-formula Ca10(PO4)(OH)2 and a variety of 
substances adsorb to its surface. Many researchers have 
reported that the interaction between hydroxyapatite and 
electrically-charged adsorbate is due to ion exchange or 
static attraction [2]. Because hydroxyapatite has specific 
isolation property, it has been used extensively as a 
matrix for the purification and fractionation of an array 
of biochemical substances, including enzymes, nucleic 
acids, hormones, and viruses [3]. However, in the 
developing region, where many of virus infectious 
disease occur, it is difficult to carry out hydroxyapatite 
chromatography, because the conventional 
chromatography systems need large and expensive 
equipments [4]. 

In this paper, we proposed a novel microfluidic chip 
for virus isolation and detection from the particle laden 
solution like body fluid by using hydroxyapatite 
chromatography. On-chip virus detection will enable to 
diagnose virus infectious disease in the developing 
region. 
 
THEORY 

Figure 1 shows the concept of the microfluidic chip 
for virus isolation. This microfluidic chip has a column 
for hydroxyapatite chromatography and a pair of 
switching valves. In the upstream and downstream part 
of the column, 50-m diameter cylindrical micropillars 
are placed at 20-m intervals to hold the hydroxyapatite 
particles in the column. Hydroxyapatite particles are 
introduced into the column through inlet 1. The sample 
and the elution buffers are introduced into the column 
through inlet 2. As shown in figure 1, the sample is 
introduced in the column and both viruses and impurities 
in the sample are adsorbed on the hydroxyapatite 

 
Figure 1: Concept of the microfluidic chip for on-chip 
hydroxyapatite chromatography.
(a): Sample adsorption on hydroxyapatite.
(b): Elution of the impurities such as proteins.
(c): Elution of the viruses.

Figure 2: Fabrication process of the proposed 
microfluidic chip. The microfluidic chip consists of a 
PDMS microchannel and a PDMS substrate.
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particles. Then, an elution buffer is introduced in the 
column to elute the impurities such as proteins. Finally, 
another elution buffer is introduced in the column to elute 
the viruses.  

The impurities and the viruses are guided towards the 
drain port and the detection port respectively by a pair of 
switching valves.  

EXPERIMENTAL 
The proposed microfluidic chip consists of a PDMS 

(polydimethylsiloxane) microchannel and a PDMS 
substrate. Figure 2 shows the fabrication process of the 
PDMS microchannel and assembly method of the 
microchannel and the substrate. The PDMS microchannel 
was produced by replica molding using a master mold 
fabricated by photolithography. The negative-type 
photoresist (SU-8 3050, Kayaku Microchem, Co., Ltd.) was 
spin coated on the silicon substrate. After prebaking, 
ultraviolet light was exposed through a photomask to 
produce a microchannel pattern using a mask aligner. After 
exposure, the substrate was developed and rinsed. Then the 
PDMS was molded by patterned substrate. Finally, the 
PDMS microchannel and the substrate were bonded by air 
plasma. The height of channel was 100 m. 

Figure 3 shows the fabrication process of a pair of 
switching valves. Two holes 8 millimeters in diameter were 
punched in the microfluidic chip using a biopsy punch. The 
PDMS residue parts in the biopsy punch after punched out 
were reinserted in the holes in the microfluidic chip as a 
pair of switching valves. The valves are opened or closed 
by rotation of the reinserted PDMS residue parts. Our 
switching valve has a great advantage that it is very easy to 
fabricate. In order to decrease the risk of leakage from the 
side of the valve, parylene thin film with the thickness of 
about 800 nm was coated on the side. Pressure test of the 
valves uncoated and coated with parylene was conducted to 
demonstrate the effect of parylene thin film. 

Ceramic hydroxyapatite particles (CHT, particle 
diameter: 40 m, Bio-rad Laboratories) were used as the 
adsorbent material of chromatography. First, the left valve 
was opened and the right valve was closed. CHT particles 
were introduced into the column, and then NDV (Newcastle 
disease virus) suspension containing 5 % FBS proteins was 
introduced into the column. In the column NDVs and FBS 
proteins were adsorbed to CHT particles. Then 500 mM 
potassium chloride solution was introduced into the column 
to elute FBS proteins. Next, the left valve was closed and 
the right valve was opened. Then 1 M phosphate buffer 
(pH: 7.0) were introduced into the column to elute NDVs.
The flow rate of each fluid was 1.0 mL/hour. The phosphate 
buffer was collected at the detection port after passing 
through the column, and presence or absence of NDVs was 
diagnosed by using hemagglutination(HA) reaction [5].

RESULTS AND DISCUSSION 
Figure 4(a) shows the fabricated switching valve. From 

figure 4(b), it can be seen that the proposed valves enabled 
to switch microchannels. First, the right valve was closed 
and the left one was opened and blue buffer was guided 
toward the left channel. Next, the left valve was closed and 
the right one was opened and red buffer was guided toward 
the right channel.  

Figure 5 shows the results of the pressure test of the 

 

Figure 3: Fabrication process of a pair of 
switching valves. The PDMS residue parts in the 
biopsy punch after punched out were reinserted in 
the holes in the microfluidic chip as a pair of 
switching valves.

  

 
Figure 4: A pair of switching valves. The valves 
are opened or closed by rotation of the 
reinserted PDMS residue parts.

Figure 5: The results of the pressure test of the valve. 
The leak pressure of the valves uncoated and coated 
with parylene were 28.6 kPa and 52.6 kPa, 
respectively.
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valve. As shown in this data, the leak pressure of the 
valves uncoated and coated with parylene were 28.6 kPa 
and 52.6 kPa, respectively. These results mean that coating 
the side of the valve with parylene thin film was effective 
to decrease the risk of leakage. 

Figure 6(a) shows the fabricated microfluidic chip. As 
shown in figure 6(b), packed CHT particles were held in 
the column by the cylindrical micropillars placed in the 
upstream and downstream part of the column. 

Figure 7 shows the results of HA reaction after 
hydroxyapatite chromatography using the proposed 
microfluidic chip. Figure 7(a) and 7(b) are negative control 
(PBS) and positive control (NDV suspension), respectively. 
Positive result forms a uniform reddish color across the 
well because each of the agglutinating molecule of virus 
attaches to multiple red blood cells and they form a 
bridged structure. Meanwhile, negative result appears as a 
red dot in the center of the round-bottomed plate. Figure 
7(c) and 7(d) show the results of the HA reaction of NDV 
suspension containing 5 % FBS and 1 M phosphate buffer 
eluate, respectively. Figure 7(c) gives a negative result 
even though the suspension contains NDV. It is because 
the suspension contains not only NDVs but also FBS 
proteins. Figure 7(d) gives a positive result, which means 
NDVs were dissolved out with 1 M phosphate buffer and 
collected. In summary, these results show that our 
microfluidic chip can improve the sensitivity for detection 
of NDV by removing FBS proteins by hydroxyapatite 
chromatography. 
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Figure 6: The fabricated microfluidic chip. CHT 
particles were held in the column by the cylindrical 
micropillars placed in the upstream and downstream 
part of the column.

 
Figure 7: Results of hemagglutination (HA) 
reaction. (a) and (b) are negative control 
and positive control, respectively. (c) is 
NDV suspension containing 5 % FBS, (d) is 
1 M phosphate buffer eluate. 
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A CHEMICAL OSCILLATOR IN A NANO-LITER SCALE 
MICROFLUIDIC OPEN REACTOR 

 J.-C. Galas, A. Estevez-Torres 
Laboratory for Photonics and Nanostructures  

CNRS UPR20, Marcoussis, FRANCE 

ABSTRACT 
Well-mixed open chemical reactors, called continuous stirred tank reactors (CSTR), have been instrumental for 

investigating the dynamics of out-of-equilibrium chemical processes, such as oscillations, bistability, and chaos. Here, we 
introduce a microfuidic CSTR, called CSTR, that reduces reagent consumption by six orders of magnitude. The 
effciency of the CSTR is experimentally characterized using a bromate, sulfite, ferrocyanide pH oscillator. Simulations 
accounting for the digital injection process are in agreement with experimental results. The low consumption of the 
CSTR will be advantageous for investigating out-of-equilibrium dynamics of chemical processes involving precious 
biomolecules. These studies have been scarce so far, probably for a lack of technology. 

KEYWORDS: reactor, microfluidics, pH oscillator 

INTRODUCTION 
Living cells are highly dynamical systems involving complex network of interacting components. Among many 

different network behaviors, oscillations play an important role in cells: for example circadian clocks. Beyond identifying 
and linking together the components of those networks, a growing interest exists in engineering such complex dynamic 
reaction networks in vitro. Very recently, Rondelez and Winfree independently synthesized the first engineered bio-
chemical oscillator in a closed reactor [1, 2]. This is the first step to the development of complex engineered bio-chemical 
operators. 

Continuous stirred tank reactors (CSTR) i.e. perfectly mixed and continuously fed reactors have been extensively used 
in the 80s and 90s to study the behavior of out-of-equilibrium inorganic chemical systems, especially oscillatory ones (BZ 
reaction, pH oscillators…). In its standard version, the reactor has a volume of several milliliters, which precludes the 
study of oscillations involving precious samples, such as DNA and proteins [3].  For this reason, here we introduce the 
first microfluidic version of a CSTR (µCSTR), compatible with available volumes of DNA and protein solutions.  

EXPERIMENTAL 
The µCSTR is fabricated using the well known PDMS multilayer soft-lithography technique. Fluidic channels are 

10µm high, control channels are 50µm. As depicted figure 1, the whole geometry consists of four inlets (with 
recirculation channels for solution renewing) and one outlet connected to the 5nL annular reactor. Three in-line valves (in 
red) are designed on each entrance. They are operated as peristaltic pump for digital reactor feeding. A second peristaltic 
pump (in blue) is used for mixing. Both are controlled via a custom-made controller. Injection of reactants into the 
µCSTR is digital. A single injection represents 8% of its volume and complete mixing occurs in 10s.  

Figure 1.  Pictures of microscopic CSTR, with recirculation inlets, outlet and integrated peristaltic pumps for 
automated digital reactor feeding (red) and mixing (blue). Right: Fluorescence image of Bromate-Sulfite-
Ferrocyanide pH oscillator captured during mixing step. 
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RESULTS AND DISCUSSION 

We carry out in this micro-device the well described Bromate-Sulfite-Ferrocyanide pH oscillator [4]. We take 
advantage of the pH dependant fluorescence of Oregon Green 488 dye to visualize by microscopy the pH inside the 
microfluidic reactor. Varying concentrations and residence time τ =1/Ko (ko is the flow rate, it is tuned changing the 
frequency of repeated injections), we obtained different reaction dynamics ie low pH, oscillations, or high pH, and built 
the phase diagram (figure 2 left and 3 A). Note that we observed low pH, high pH but also forced oscillations (in green) 
due to digital injections and sustained oscillations (in red) due to chemistry.  Except for forced oscillations, the results are 
comparable with those obtained using a macroscopic CSTR. 

 

 
 
Figure 2. Left: different reaction dynamics (low pH, pH oscillations and high pH) obtained when the residence time τ 

=1/ko of chemicals inside the reactor is decreased. During these 3 experiments, inlet concentrations are maintained 
constant. Right: simulations of the dynamics of the pH oscillator in the µCSTR, including digital feeding of the reactor. 
They are in very good agreement with experimental results. 

 
A simulation of the dynamics of the pH oscillator in the µCSTR has also been implemented. Key point was to take 

into account the digital injection, which is specific to the microscopic system. The results are in good agreement with 
experiments as can be seen in figure 2 right and 3 B. Indeed, simulations show the four different reaction dynamics that 
we obtained experimentally. Once again, this result suggests that our µCSTR could be for bio-chemical reaction networks 
what macroscopic CSTR was to inorganic chemical oscillators: a powerful tool to explore system dynamics. 

 

 

 609



 
 

Figure 3. Experimental (A) and simulated (B) phase diagram of the Bromate-Sulfite-Ferrocyanide pH oscillator in 
the µCSTR for different Na2SO3 input concentrations and at different feeding rates k0 (and their corresponding injection 
periods tp). Each square represents pH vs. time during a 2 h experiment. Time traces are colour-coded according to the 
observed steady state: low pH (blue), forced oscillations (green), sustained oscillations (red), and high pH (black). In the 
experiments [H2SO4] = 5 mM while in the simulations [H2SO4] = 10 mM. The remaining injected concentrations are 

K4[Fe(CN)6] 20 mM and KBrO3 65 mM. 
 

 
CONCLUSIONS 

Finally, our µCSTR can be operated for hours with a very limited amount of reactants: 20nL/hour to be compared 
with 100mL/hour for the macroscopic one. Device operation is not affected by digital feeding, thus we believe our device 
will considerably extend the study of oscillations involving precious samples such as DNA and proteins. Moreover, this 
microfluidic implementation and design possibilities that follow open the way for studying interactions between 
temporally independent oscillators or more complex reaction networks. 
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ABSTRACT 
A microsystem for single nucleotide polymorphism detection is demonstrated. The system incorporates two 

polymerase chain reaction chambers. The first reactor is designed to amplify genomic DNA directly from human blood. 

PCR amplification from blood can be performed in as little as 11 minutes. The DNA is then purified using an on-chip 

micropillar filter before entering the second PCR for allele-specific amplification. An electrochemical detector senses if 

allele-specific PCR amplification has occurred. The influence of template concentration from a first PCR reaction used in 

the second allele-specific reaction on the detector specificity is assessed.  

 

KEYWORDS: microfluidic, total analysis system, lab on a chip, polymerase chain reaction, single nucleotide 

polymorphism, genotyping 

 

INTRODUCTION 
Single nucleotide polymorphism (SNP) genotyping in the context of personalized medical care has attracted much 

interest in recent years. Several SNPs are known to have an influence on an individual’s predisposition towards an illness 

or response to a medication. For instance, SNPs in the CYP2C9 gene have important implications in dosing requirements 

of the anticoagulant drug Warfarin [1]. However, medical care providers are often not equipped to perform SNP 

genotyping on-site and must ship samples to a specialized lab, which adds cost and time. There is a clear market desire 

for a point-of-care, microfluidic-based system capable of fast and affordable SNP detection. 

Preparing biological samples to extract and purify genomic DNA for further analysis such as SNP detection requires 

skilled labor and is time consuming. Microsystems with integrated sample preparation have been described in the 

literature.  For instance, Wilding et al. [2] describe a system utilizing a filter to capture and purify the genomic DNA-

containing white blood cells prior to cell lysis and polymerase chain reaction (PCR). Liu et al. [3] utilized magnetic 

beads for cell capture and purification. The drawback in these approaches is the added size and complexity of the 

microsystem and increase in time-to-results. In this paper, we report a microsystem capable of DNA amplification 

directly from human blood without a preliminary wash step utilizing a robust KODfx PCR polymerase. A second allele-

specific PCR can then be performed on-chip; afterwards, the sample can be extracted from the microfluidic device and is 

ready for SNP detection. Furthermore, a microfabricated electrochemical detector has previously been demonstrated to 

provide fast and sensitive SNP detection [4]. In the future, this sensor can be integrated onto the chip in order to realize a 

complete microsystem for SNP detection. 

 

 
Figure 1: Microsystem for SNP detection: a) overview of microsystem, b) microfabricated silicon and glass microfluidic 

chip and c) experimental setup for device characterization. All functional components of the microsystem described in 

this manuscript are in the top half of the chip shown in b). The bottom half of the chip consists of additional test 

structures. 
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SYSTEM OVERVIEW 

Figure 1a shows the functional layout of the microsystem, while the fabricated silicon-glass based system is shown in 

Figure 1b. The functional components of the microsystem detailed in this manuscript occupy approximately half of the 

area of the 3.2 cm by 3.0 cm chip. Blood and PCR reagents are loaded into inlets 1 and 2, respectively, using syringe 

pumps. After mixing of the two flow streams, the cells are lysed in the first PCR chamber, followed by DNA 

amplification. The PCR chamber is thermally isolated from the surrounding chip with an air gap etched into the backside 

of the high thermal conductivity, silicon chip. Thermal design and optimization of the microreactor has previously been 

reported [5, 6]. After PCR1, the fluid is transported through the filter to remove the cellular remains after lysis. The 

filtrate containing the amplified DNA is mixed with allele-specific PCR primers from inlet 3. The allele-specific PCR is 

then performed (PCR2). The sample is extracted from the chip for further analysis. 

Figure 1c shows the experimental setup. Microfluidic fittings connect the microsystem to external syringe pumps. A 

thermal solution has been designed for rapid temperature cycling of the PCR microreactors. The thermal system has 

previously been detailed elsewhere [6]. 

 

 
Figure 2: Characterization of PCR microreactor: a) complete thermal cycle, b) single cycle showing ramp rates and c) gel 

electrophoresis showing amplification of 134 bp genomic DNA fragment direct from blood. PC is positive control 

(conducted in a commercial PCR tool). 

 

EXPERIMENTS 
Figure 2a shows the thermal cycle during PCR. As shown in Figure 2b, total thermal ramp times down to 

approximately 4 seconds per temperature cycle are achieveable, which enables rapid PCR amplification. Successful 

amplification directly from human blood using the PCR microreactor is also demonstrated (see gel electrophoresis result 

in Figure 2c). To date, complete cell lysis and PCR thermal cycling can be conducted in times down to 11 minutes. 

A filter test device is demonstrated in Figure 3. The material produced from a commercially available PCR tool after 

cell lysis and PCR amplification is pumped though the filter test device. The cellular remains are removed from the 

solution using a micropillar array (inter-pillar spacing of 5 µm). Visually, as indicated in Figure 3, the sample is clear 

after passing through the filter. The DNA in the filtrate can successfully be detected using gel electrophoresis. 

 

 
Figure 3: Characterization of micropillar filter for DNA purification. After direct PCR amplification from blood, the 

sample is passed through a filter test device.  Gel electrophoresis of the sample shows successful detection of the 

amplified DNA product. 
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The microsystem has a second PCR chamber (PCR2) for performing an allele-specific amplification. By design of the 

allele-specific primers, PCR amplification only occurs if a SNP is present [7]. To further illustrate the operational 

concept, allele-specific PCR is conducted in a commercially available tool for determination of AB or O blood type. For 

this test, the primers are designed so that amplification only occurs in the presence of the AB blood type. Thus, gel 

electrophoresis shows a positive band for AB and negative for O blood types (see Figure 4a). 

An electrochemical sensor is utilized to detect the level of pyrophosphate produced during the allele-specific reaction 

in PCR2. However, since pyrophosphate is also produced during the first PCR, it is desirable to use only a small portion 

of the sample from the first reaction as the template for the second reaction. Experiments were conducted to assess the 

influence of the template concentration used in the second reaction. Results indicate that a good specificity can still be 

achieved using template concentrations as high as 10%. Since accurate and precise metering of the flow is difficult in 

application, a higher template concentration is easier to implement on-chip. 

Figure 4b shows the electrical measurements from the electrochemical detector. A large current indicates the SNP is 

present for the AB blood type. Again, the electrochemical measurements show that AB/O determination is reliably 

achieved with template concentrations as high as 10%. 

 

 
Figure 4: Detection of ABO blood type from a) gel electrophoresis and b) electrochemical detector using three different 

template concentrations (10%, 1%, and 0.1%). 

 

CONCLUSION 
An integrated system for detection of a single nucleotide polymorphism in genomic DNA using allele-specific PCR 

amplification is detailed. Characterization of the individual system components is described. PCR amplification directly 

from human blood is demonstrated with times down to 11 minutes. Furthermore, accurate SNP detection using an 

electrochemical detector is demonstrated even with high template concentrations.  

 

ACKNOWLEDGEMENTS 
The authors thank Omar Abdou and Dr. Rodrigo Wiederkehr for conducting some of the PCR experiments reported 

in this work. 

 

REFERENCES 
[1]   K. Takanashi, H. Tainaka, K. Kobayashi, T. Yasumori, M. Hosakawa and K. Chiba, “CYP2C9 Ile359 and Leu359 

variants: enzyme kinetic study with seven substrates,” Pharmacogenetics, 10, pp. 95-104, 2000. 

[2] P. Wilding, L.J. Kricka, J. Cheng, G. Hvichia, M.A. Shoffner and P. Fortina, “Integrated cell isolation and 

polymerase chain reaction analysis using silicon microfilter chambers,” Anal. Biochem., 257, pp. 95-100, 1998. 

[3] R.H. Liu, J. Yang, R. Lenigk, J. Bonanno and P. Grodzinski, “Self-contained, fully integrated biochip for sample 

preparation, polymerase chain reaction amplification, and DNA microarray detection,” Anal. Chem., 76, pp. 1824-

1831, 2004. 

[4] H. Tanaka, P. Fiorini, S. Peeters, B. Majeed, T. Sterken, M. Op de Beeck, M. Hayashi, H. Yaku, and I. Yamashita, 

“Sub-micro-liter Electrochemical Single-Nucleotide-Polymorphism Detector for Lab-on-a-Chip System,” Jpn. J. 

Appl. Phys., 51, 04DL02, 2012. 

[5] B. Majeed, B. Jones, D.S. Tezcan, N. Tutunjyan, L. Haspeslagh, S. Peeters, P. Fiorini, M. Op de Beeck, C. Van 

Hoof, M. Hiraoka, H. Tanaka and I. Yamashita, “Silicon based system for single-nucleotide-polymorphism 

detection: chip fabrication and thermal characterization of polymerase chain reaction microchamber,” Jpn. J. Appl. 

Phys., 51, 04DL01, 2012. 

[6] B. Jones, P. Fiorini, S. Peeters, B. Majeed, M. Op de Beeck, I. Yamashita and C. Van Hoof, “A micro-PCR 

chamber suitable for integration into a monolithic silicon lab-on-a-chip platform,” IEEE 25
th

 Int. Conf. on Micro 

Electro Mech. Sys., pp. 761-764, 2012. 

[7] H. Yaku, T. Yukimasa. S. Nakano, N. Sugimoto and H. Oka, “Design of allele-specific primers and detection of the 

human ABO genotyping to avoid the pseudopositive problem,” Electrophoresis, 29, pp. 4130-4140, 2008. 

  

CONTACT 
*B. Jones, tel: +32 16 28 7844; Ben.Jones@imec.be 

AB O AB O AB O 

0

200

400

600

C
u

rr
e

n
t 

(n
A

)

L
a
d

d
e
r 

A
B

 

A
B

 

A
B

 

O
 

O
 

O
 

b) 10% 1% 0.1% a) 

10%     1% 0.1% 

 613



A MICROFLUIDIC-BASED THERMAL DIGESTION CHIP  
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ABSTRACT 
This paper presents a micro thermal digestion chip, and its application to the detection of dissolved organic 

nitrogen (DON) in natural waters. After injecting water sample and digest reagent (K2S2O8) into the chip, the mixed 
sample was heated by the micro heater, and the temperature is detected by the Pt film micro sensor integrated on the 
chip. After keeping 120°C for 30 minutes, the DON converts into nitrate. Urea and glutamic acid were used as the 
typical DON in this paper. The spectrophotometry was employed to measure the optical absorption value of digested 
DON solution at 220nm and 275nm.  
 
KEYWORDS 
Digestion, chip, microfluidics, dissolved organic nitrogen (DON)  

 
INTRODUCTION

Dissolved organic nitrogen (DON) is the mixture of compounds ranging from simple amino acids to complex 
humic substances, and it plays an important role in plant nutrition in ecosystems [1]. More and more attention is paid 
for its concentration, bioavailability and ecological environmental effect [2]. Before the detection of DON, a 
digestion pretreatment procedure must be proceeded to convert the organic nitrogen into nitrate. Subsequently, 
electrochemical or optical inspection methods could be employed to complete the nitrate detection. The traditional 
high temperature oxidation (HTO) digestion method [3] using high pressure sterilizer for DON determination is high 
power consuming, and it is not suitable for portable detection. Especially, with the development of MEMS-based 
microsensors (e.g. micro ion sensitive electrodes), small-sized, low power consumption, and portable detection 
systems are required. 

In this paper, a micro thermal digestion chip based on microfluidic technique is designed and fabricated, and it is 
used for the detection of dissolved organic nitrogen in natural waters. K2S2O8 was used as the oxidizing agent, and 
only 5µL mixed sample was heated up to 120°C in the reaction tank each time. After the conversion of DON to 
nitrate, the corrected absorption value was detected by spectrophotometry. This digestion chip could be also used for 
the digestion of total nitrogen, total phosphorus, and some other parameters in water quality monitoring. 

 
DESIGN AND FABRICATION 

This micro digestion chip is composed of a sampling section, a mixing section, and a reaction section, as shown 
in Figure 1. Various forms of dissolved organic nitrogen (e.g., urea, amino acids, proteins …) could be converted to 
nitrate under the temperature more than 100°C with the participation of oxidizing agent (e.g., K2S2O8). Since the 
reaction product is acidic (pH~2), silicon is used as the substrate material. The water sample and oxidizing agent are 
injected and mixed through the inlets and microchannels, and then the mixed solution flow into the reaction tank. A 
micro heater is attached on the backside of the chip, and a micro Pt film temperature sensor is fabricated on the 
backside of the chip by MEMS technique. Several thermal isolating channels are designed on the backside of the 
chip to decrease the heat loss. Only 5μL mixed solution was heated, and the power consumption is less than 2 watts. 
During the heating process, the inlets and outlets are all shut off using pinch valves. In order to minimize the 
interference of the sample in the mixing channel, a gas inlet is designed in this chip. The digested sample could be 
sucked out when the gas inlet is open. The mixed sample at the interface of microfluidic channels and connectors 
may not be digested completely, which may bring some errors of absorption measurement. To eliminate the dead 
volume, a micro needle tip, which has almost the same diameter to the inner diameter of the connector, was used to 
decrease the volume as much as possible in this experiment. 

 

 
 

Figure 1. Working principle of the thermal digestion chip 
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Figure 2. Schematic structure of the thermal digestion chip 

 
The micro digestion chip is fabricated by MEMS technology. The schematic structure of this thermal digestion 

chip is shown in Figure 2. Firstly, a Pt-based micro temperature sensor is fabricated on the back side of silicon 
substrate by lift-off process, and then the micro-channels, micro reaction tank and thermal-insulation channels are 
etched by using deep reactive-ion etching,. After drilling holes for fluidic interconnection using ultrasonic, a glass 
wafer is bonded to silicon substrate to finish the fabrication of the digestion chip. A micro heater is attached by 
thermally conductive adhesive on the back side of the reaction tank. The fabricated digestion chip is shown in Figure 
3(a) and 3(b). 

 

 
Figure 3. Picture of the fabricated thermal digestion chips (a) and packages (b) 

 
DIGESTION EXPERIMENT 

Water sample and digest reagent (K2S2O8, 40g/L, company) were injected to the micro digestion chip through the 
inlet channels, and then the solution flew into the digestion tank after mixed thoroughly. The volume ration of water 
sample and digest reagent is 2:1 by controlling the flow rate of each solution. After shutting off the inlets and the 
outlet using pinch valves and micro needle tips, the mixed solution in the digestion tank was heated by the micro 
heater, and the temperature was detected by the Pt film micro sensor integrated on the chip. A 5.1V DC voltage was 
applied on the micro heater, and the resistance of the calibrated micro temperature sensor was monitored using 
Keithley 2001 multimeter. At the temperature of 120°C, K2S2O8 decomposes as sodium bisulfate and atomic oxygen 
which can oxidize the nitrogen compound into nitrate. After keeping this temperature for 30 minutes, the dissolved 
organic nitrogen converted into nitrate completely. DI water and K2S2O8 were mixed and digested to act the blank 
sample for the absorption value measurement. After each digestion process, a washing step was performed using DI 
water to clean the reaction tank and the channels. Urea and glutamic acid were used as the typical DON in this paper. 
The calibrated spectrophotometry(Biospec-Nano, Shimadzu Inc.) is employed to measure the optical absorption 
value of digested DON solution at 220nm and 275nm. Measurement of UV absorption at 220nm enables the 
determination of nitrate. Since dissolved organic matter also may absorb at 220nm and nitrate doesn’t absorb at 
275nm, a second measurement at 275nm was used to correct the nitrate value. The absorption value of nitrate was 
corrected as follow: 

 

275220 2)( AbsAbsnitrateAbs ⋅−=                                        (1) 
 
Experimental date on urea and glutamic acid digestion is shown in Figure 4(a) and 4(b). In order to compare the 

digest efficiency, the concentrations of urea and glutamic were all converted to the concentration of nitrogen. The 
corrected absorption values of urea and glutamic acid increase with the increasing of the concentration, and it 
performs a good linear relationship between the absorption value and the concentration. The micro digestion chip 
proposed in this paper could also be integrated with the existing MEMS-based microelectrode system to realize the 
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fully-integrated micro sensor system which can be employed to the detection of total nitrogen, total phosphorus, and 
some other parameters in water quality monitoring. 
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Figure 4. Calibration curve of urea (a) and glutamic (b) after thermal digestion: 120°C for 30min, the oxidizing 

agent is 40g/L K2S2O8.  
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ABSTRACT
Digital microfluidic devices are a versatile platform for batch chemical synthesis at the microscale. They are 

compatible with a wide range of chemicals and temperatures, their open structure facilitates evaporations that enable 
solvent exchange processes which are critical in multi-step reaction schemes, and the use of small volumes permits 
optimizations that can lead to reduced synthesis time. These properties and advantages are especially suitable for the 
multi-step synthesis of molecular imaging tracers for positron emission tomography (PET). We demonstrate the 
reliable multi-step synthesis of four compounds labeled with the short-lived radioisotope fluorine-18. 

KEYWORDS
Electrowetting on dielectric (EWOD), Radiosynthesis, Multi-step synthesis, Organic chemistry, Digital microfluidics 

INTRODUCTION 
Manipulating droplets in digital microfluidic devices presents a flexible new avenue for micro-chemical batch 

synthesis [1–3]. The chemically-inert and temperature-stable materials used to fabricate digital microfluidic devices 
enables compatibility with a wide range of reagents and reaction conditions, and the open sides of the chip facilitate 
solvent evaporation. Digital microfluidic devices with droplet manipulation electrodes and integrated heaters can 
perform all of the processes needed for multi-step organic synthesis including reagent mixing, reactions at ambient 
or elevated temperatures, as well as evaporations and solvent exchange. Solvent exchange is necessary in most 
multi-step syntheses to ensure that each reaction step is performed in the most favorable solvent. While clever 
schemes for solvent exchange with immiscible [4] or miscible [5] solvents in continuous flow systems have been 
demonstrated, digital microfluidics enables solvent exchange to be performed by evaporation in a manner that it is 
intuitively familiar to chemists.  The initial solvent is evaporated by heating the droplet until only a dry residue 
remains, followed by introducing a droplet of the new solvent to re-dissolve the residue. In addition to the possibility 
of performing sophisticated chemical transformations on-chip, approaches have been developed to perform 
intermediate or final purification steps [6-7] on digital microfluidics. 

To demonstrate the versatility and reliability of the micro-chemical synthesis platform, the effectiveness of 
on-chip solvent exchange, and advantages of performing reactions in small volumes, we produced several 
short-lived compounds with syntheses of varying complexity. 

EXPERIMENTAL 
The electrowetting-on-dielectric (EWOD) chemical reaction chip is illustrated in Figure 1. Reagents are 

transported by sequential activation of EWOD electrodes from any of several loading sites to the central heater 
where mixing, reactions, and evaporations take place. When evaporating solvent in the EWOD chip, the vapor 
diffuses away from the heater site and recondenses in nearby, cooler regions of the chip (Figure 2). To ensure reliable 
removal of solvent, we use an inert gas flow to more efficiently transport vapor away from the heater site (Figure 3).

Figure 1: Digital micro-chemical synthesis chip. (A) Design of patterned electrode layer. (B) Photograph of 
assembled EWOD chip with cover plate and patterned substrate separated by spacers. 

The synthesis of fluorine-18-labeled tracers [1,8] requires an initial complexation reaction with K2CO3 and 
Kryptofix-222 (K2.2.2) or tetrabutylammonium bicarbonate, followed by an evaporative drying process to eliminate 
the water from the [18F]fluoride ion supplied from a cyclotron, and thus create an organic solvent-soluble form. 
Following the drying step, a precursor solution is loaded, mixed by EWOD actuation and then heated to redissolve 
and react with the activated/dried [18F]fluoride complex residue in the fluorination step. This reaction is typically 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  617



extremely water-sensitive and thus it is critical to eliminate residual water during the initial water removal process. 
Droplets of volatile solvents such as acetonitrile (MeCN) rapidly evaporate when heated, making it difficult to 
perform reactions above the solvent boiling point as is typically done at the macroscale where the reactor vessel is 
sealed.  To overcome this limitation, fluorinations were performed in mixtures (typically 4:1) of the desired solvent 
with a compatible higher boiling solvent such as dimethylsulfoxide (DMSO).  Rapid evaporation of the more 
volatile solvent component leads to an increasingly concentrated reaction mixture eventually composed of only 
DMSO. Though an excellent solvent for many fluorination reactions, DMSO is frequently avoided in macroscale 
radiosynthesis because its low volatility makes it difficult to remove in a short amount of time; however, due to the 
small volumes used in the chip, the DMSO partially evaporates by the end of the fluorination reaction to sub-µL 
volume that retains solvation of reactants but remains below the allowed limits for injection in animals or humans. 
This general procedure was followed to perform [18F]fluoride drying and fluorination reaction of several syntheses 
(Figure 4): (a) [18F]fallypride (1-step), (b) 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) (2-steps), (c) 
[18F]fluorothymidine ([18F]FLT) (2-steps), and (d) N-succinimidyl-4-[18F]fluorobenzoate ([18F]SFB) (3-steps). 

 
Figure 2: Evaporation process on EWOD chip. Top view micrographs (top row) and side view schematics (bottom 
row) of evaporation process to dry [18F]fluoride on a previous EWOD chip design. Time progresses from left to right.  
When heated, the droplet evaporates from its open sides into vapor, which condenses on colder surfaces of the cover 
plate (immediately adjacent to heated area). Condensation increases as the droplet evaporates but slowly dissipates 
as the droplet disappears. Eventually, only the dried residue remains. 
 

 
Figure 3: To facilitate removal of solvent vapor during evaporation steps, an inert gas is blown into the space 
between the parallel plates of the EWOD chip through a needle or vacuumed out through holes in a plate. (Left) 
Without gas flow, condensation occurs all around the heater site close to the evaporating droplet (blue outline) and 
can recondense in the droplet. (Right) With gas flow, the evaporated vapor is removed more effectively and 
evaporation is accelerated. 

 
Unlike the majority of macroscale methodologies, we discovered for multi-step reactions on EWOD that it was 

unnecessary to completely remove the remaining DMSO after fluorination; the subsequent deprotection reaction 
could be efficiently performed immediately afterwards by simply adding the aqueous acid or base to the remaining 
droplet and heating. Analogous procedures can be followed for additional reaction steps, if applicable. 
 
RESULTS AND DISCUSSION 

Synthesis results are summarized in Table 1. Yields in most cases were found to be comparable or superior to 
reactions performed at the macroscale and exhibit low standard deviation, suggesting high reaction repeatability. 

In some multi-step reactions ([18F]FDG and [18F]FLT), the remaining DMSO after the fluorination step does not 
seem to interfere with downstream reaction steps and time could be saved compared to the macroscale by 
performing hydrolysis without first evaporating the fluorination solvent. 
 
CONCLUSION 

Digital microfluidics is in many ways an ideal platform for numerous applications of batch chemical synthesis at 
the microscale. As a demonstration, we synthesized four radiotracers for PET on the EWOD chip, obtaining 
conversions that are comparable or superior to studies at the macroscale, and reduced synthesis times due to 
elimination of evaporation steps before hydrolysis. 
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Figure 4: Synthesis schemes of diverse molecules prepared on the EWOD microfluidic chip: (a) [18F]fallypride (1 
reaction step), (b) [18F]FDG (2 steps), (c) [18F]FLT (2 steps), and (d) [18F]SFB (3 steps). The indicated number of 
reaction steps takes place after the [18F]fluoride complexation and drying process.  
 
Table 1: Reaction yield for several single- and multi-step organic syntheses. Yield values for intermediate reactions 
are determined by radio-TLC as the fraction of radioactivity incorporated into the desired chemical intermediate 
from a tiny sample of the crude mixture. Yield values for final reaction are the conversion multiplied by the fraction 
of radioactivity that could be collected from the chip. Macroscale values are taken from recent literature. 

Molecule # of Reaction 
Steps 

Decay-Corrected Yield (%) Yield (%) 
(macroscale) Step 1 Step 1+2 Step 1+2+3 

[18F]fallypride 1 72±10 (n=4)   20-40 
[18F]FDG 2 88±7 (n=11) 59±13 (n=5)  50-80 
[18F]FLT 2 78±6 (n=8) 50±8 (n=3)  10-40 
[18F]SFB 3 72±11 (n=4) No data 39±6 (n=4) 25-75 
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ABSTRACT 
In this study, we present thermal and fluidic characterization of an electrokinetically actuated, heated microreactor 

made of Ormocomp® polymer and monolithically integrated with a capillary electrophoretic (CE) separation unit. A thin 
film heating element patterned at the bottom of the reactor part allows accurate control of the temperature in the reactor 
without heating the separation part. Thus, stable electroosmotic flow is maintained enabling high CE separation 
efficiency and operation of the chip by electrokinetic flow alone.  

KEYWORDS 
Microreactor, microchip electrophoresis, fluorescence detection, Ormocomp

INTRODUCTION 
Metabolomics is an emerging research area which is focused on measuring small molecules in biological samples. 

Lately, microfluidics has been successfully applied to metabolomics research. Most studies have focused on either 
analyzing off-chip produced metabolites or optimizing the procedures for enzyme immobilization [1], but coupling of 
microreactors to on-line, on-chip separation systems remains rare. This is likely because enzyme reactors often require 
precise heating to 37-40 C in order to mimic physiological conditions, but at the same time unsufficient elimination of 
heat in the separation part may easily result in temperature gradients and thus distortion of the flow profiles and 
deterioration of the separation efficiency [2,3]. In this study, we demonstrate successful coupling of a locally heated 
microreactor to an electrophoretic separation system which is efficiently cooled and can thus be fully operated by 
electrokinetic flow. The lack of external pumps allows precise valving of minute sample volumes so that consumption of 
expensive reagents, such enzymes, is reduced. 

EXPERIMENTAL 
The microreactor chip was fabricated from Ormocomp® polymer using UV-embossing and adhesive bonding as 

described earlier [4,5]. As depicted in Fig. 1, the microreactor (500 m×20 m×5 mm, w×h×L) incorporated three inlets 
and outlets for sample loading as well as an integrated CE channel (50 m×20 m×50 mm, w×h×L) for separation of the 
reaction products. In addition, a thin-film (100 nm) platinum resistor was patterned as a heating element to the bottom of 
the reactor part (Fig. 1). Mixing of the reactants occurs in a narrow channel joining the three inlets to the reactor. 

Figure 1. Schematic presentation of the operation cycles of the integrated microreactor-electrophoresis chip (top) and 
top and side views illustrating the thin-film (100 nm) platinum resistor patterned at the reactor part (bottom). The 

loading times (top-left) were determined from ten repeated runs by visualizing the liquid flow using 5 µM fluorescein in 
20 mM sodium phosphate buffer (pH 12.0) containing 10% glycerol.  
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The microreactor loading and injection times and voltages were optimized by visualizing the liquid flow with 
5 µM fluorescein in 20 mM sodium phosphate buffer (pH 12.0) containing 10% glycerol (Fig. 1). In this study, the 
reaction time was set to 120 s and the reactor part was heated to approximately +40 C with constant applied power of 
10 Wm-1 applied to the platinum resistor. The temperature change ( T) on the microchip surface (above the reactor) was 
measured with a thermocouple and the temperature inside the reaction chamber was estimated based on 
thermoresponsive behavior of rhodamine B  (added to a 5 µM concentration to the buffer solution) as described 
elsewhere [6]. After the reaction step, small proportion (100 pL) of the reaction solution was injected (10.0 s) to the CE 
separation channel in pinched mode and the sample components were detected by laser-induced fluorescence (LIF) 
microscopy (excitation 488 nm, emission 500-700 nm). The effective separation length was 45 mm and the applied 
electric field strength 600 Vcm-1. The repeatability of the reaction/separation cycle was determined using 
5-(4,6-dichlorotriazinyl)aminofluorescein (5-DTAF) as the model compound. 
 
RESULTS AND DISCUSSION 

The performance of the integrated, Ormocomp-based microreactor-CE chip was characterized with respect to its 
fluidic and thermal stability. First, the repeatability of the electroosmotic flow (EOF) was determined in Ormocomp® 
microchannels and was (4.13±0.04)×10-4 cm2V-1s-1 (0.88% RSD, n=4) for 20 mM sodium phosphate buffer (pH 12.0) 
containing 10% glycerol. Thanks to the good stability of the EOF, the microreactor loading times given in Fig. 1 were 
also very well repeatable, i.e., within 3.7-5.8% RSD for ten repeated loading cycles. Addition of glycerol to the buffer 
solution was found critical in reducing the evaporation rate and thus improving the stability over time. On the basis of in-
house performed enzyme incubations, the activity of for instance human cytochrome P450 recombinant enzymes was not 
affected by the addition of glycerol up to 15% (data not shown) supporting the envisioned use of the microreactor in 
metabolism research. 

Next, the temperature changes ( T) both on the microchip surface (above the reactor) and inside the reaction chamber 
were determined as a function of power applied to the Pt thin film resistor. Linear response between the applied power 
and the temperature reached was observed up to at least 12 Wm-1 (Fig. 2a). With constant applied power of 10 Wm-1, the 
temperature of the reaction solution inside the microreactor reached +40 C within approximately 2 minutes (Fig. 2b). 
The surface temperature was on the average 1-2 C lower than that inside the reactor, which is in accordance with the 
numerically derived data on (vertical) thermal gradients of a similar polymer-based CE chip in a previous work [7].  

 
 

(a)  (b)  
 

(c)  
Figure 2. (a) Temperature change ( T) on the microchip surface and inside the reaction chamber as a function of power 
applied to the resistor (n=3). (b) The heating and cooling times of the absolute temperature on the microchip surface and 

inside the reaction chamber with constant applied power of 10 Wm-1. (c) Separation (left) of 20 µM 5-DTAF from its 
degradation products in 20 mM sodium phosphate (pH 12.0) containing 10% glycerol following 120-s-long incubation at 

40 C (applied heating power 10 Wm-1). The separation was performed under cathodic EOF at E=600 Vcm-1. 
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The effect of thermal gradient (between the reactor and the separation parts) on the separation efficiency was 

examined by performing an online CE-LIF analysis of 5-DTAF and its degradation products following 120-s-long 
incubation at 40 C (Fig. 2c). Since the Pt heating element was precisely confined only at the reactor area, the reaction 
solution was effectively cooled down in the narrow microchannel joining the reactor to the separation channel during the 
injection step. Thus, the heating power could be kept on during the separation step which allowed one to perform 
multiple reaction/separation cycles repeatedly without time-lag due to microreactor heating/cooling. Typically, one cycle 
from microreactor loading to sample detection took less than 4 minutes. Finally, the good repeatabilities of both the 
migration time (0.24% RSD, n=3) and the peak area (3.9% RSD, n=3) of 5-DTAF evidenced that heating of the reactor 
part had negligible effect on the separation efficiency. 

 
CONCLUSIONS 

The thermal and fluidic characterization of the developed chip demonstrate successful coupling of a heated 
microreactor to an on-line, thermally isolated electrophoretic separation unit. No problems related to distortion of the 
flow profile because of unsufficient elimination of heat were observed in the separation part as evidenced by the good 
figures of merit of the CE-LIF separation of the model compound 5-DTAF. Future work includes numerical modeling of 
the thermal gradients of the microreactor chip as well as implementation of enzyme assays onto the developed microchip 
using immobilized cytochrome P450 enzymes. 
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ABSTRACT 

We present the optofluidic system to generate compositionally featured microfibers. A photopolymerizable core 
liquid is stably transformed into a microfiber and safely conveyed to the outlet with the help of inert carrier liquid 
flows. The composition and dimension of microfibers was readily manipulated by changing core liquid materials and 
the input pressure of flows. Moreover, pneumatic valves were employed to fabricate sequentially segmented 
microfibers by switching on/off each core liquid flow. Finally, microfibers in the desired configurations are expected 
to be used to the multiplex biomolecular analysis.  
 
KEYWORDS 
Microfibers, Flow lithography, Optofluidics, Immunoassays 
 
INTRODUCTION 

Hydrogel microfibers have attracted extensive attentions for biomedical applications including scaffolds for 
tissue engineering [1], and biological sensors for analytical uses [2]. In particular, the multi-segment microfiber is 
the key issue due to its feasibility for parallel analysis of active ingredients in numerous conditions [3]. Previous 
literatures have reported fabrication methods of microfibers via electrospinning[4] and extrusion[5] but they are not 
suitable to make multifunctional microfibers due to the difficulty in precise shape modulation. Flow lithography 
which uses oxygen layers in polydimethylsiloxane (PDMS) microfluidic device, is a promising method to control 
shapes and compositions of microstructures [6, 7, 8]. However, it is limited to fabricate only microparticles since the 
process for microfiber generation requires continuous UV light which causes lack of surrounding unpolymerized 
solution to convey the bulk microfiber. 

Herein, we report double-layer microfluidic platform that generates vertically stacked laminar flows for 
rectangular hydrogel microfibers with diverse compositions. Inert carrier flows along microchannels helped high-
throughput generation of microfibers by preventing undesirable blockage of the channel and conveying the 
microfiber safely to the outlet. The dimension and chemical composition of microfibers were modulated by changing 
the flow rates and core liquid materials. In addition, microfibers were sequentially patterned by using pneumatic 
valves towards further applications in the multiplex immunoassay. 

 
EXPERIMENT 

Conventional photolithography was conducted, using the photoresist to make microchannel patterns for both top 
and bottom layers. Subsequently, PDMS molds were made by curing PDMS prepolymer on microchannel patterns at 
70℃. Then, PDMS molds of top and bottom layers were detached from substrates and carefully combined together 
by using oxygen plasma treatment (Figure 1A). Figure 1B shows PDMS microfluidic device with double layered 
channels to form vertical laminar flows. Photocrosslinkable core flows and inert carrier flows – poly(ethylene 
glycol) diacrylate (PEGDA) and poly(ethylene glycol) (PEG), respectively – are stacked in the narrow channel to 
minimize hydrodynamic mixing and gently expanded at the downstream for the desired width of microfibers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: (A) Schematic for the fabrication of microfluidic devices. (B) Illustration of microfiber generation. 
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Compositionally featured microfibers were generated by introducing core liquid flows side by side and stacking 
them one on another (Figure 2A). In order to visualize individual segments, silica particles which were modified 
with two different fluorescent dyes – tetramethyl rhodamine isothiocyanate (TRITC) and fluorescein isothiocyanate 
(FITC) – were incorporated to core liquids. As represented in Figure 2B, multi-segment microfibers were readily 
obtained in the designed features. Since only core liquid flow is polymerized into the microfiber, changing the input 
pressure ratio of flows can achieve the dimensional control over microfibers (Figure 3). As pressure ratio of core to 
carrier flows increased, the microfiber thickness also gradually increased. Moreover, pneumatic valves were 
integrated into the microfluidic device for the controlled shape of microfibers as shown in Figure 4A. The computer 
aided pneumatic valve which acts as the on-off switch of each core liquid actuates the thin elastomeric membrane 
around the core liquid channels. Once the pneumatic valve is activated by the pressurized gas, the elastomeric 
membrane is expanded and ends up blocking the way of the core liquid (Figure 4B). As two pneumatic valves were 
alternatingly operated, two different core liquid flows containing rhodamine 6G (R6G) and FITC, entered the 
channel sequentially following the frequency of valve actuation. As can be seen in Figure 4C and D, the sequential 
flow pattern of core liquid flow was appeared and the UV light was exposed over the microchannel to acquire 
alternatingly segmented microfiber. The parabolic flow pattern could be due to the velocity profile throughout the 
channel. The velocity difference of flow in the middle and flow near channel boundary results in U-shaped 
sequential compartments on the microfiber.  

In conclusion, we suggested the optofluidic system for the fabrication of compositionally featured microfibers by 
generating stratified laminar flows. On-demand control of the dimension and composition was achieved by 
manipulating the flow rate of liquids and chemical ingredients of core liquid flows. In addition, pneumatic valves 
were incorporated to fabricate sequentially segmented microfibers. We expect that our system is potentially applied 
to the biomedical research such as multiplex biosensors and cell scaffolds in tissue engineering by adding different 
biomaterials into microfibers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: (A) Fluorescent images of microchannels with the cross junction (left) and the expanded region (right) 

for two parallel core liquid flows; the red fluorescence was from a core liquid flow containing R6G and the other 
flow contained FITC. (B) Fluorescent images of a microfiber from the top view (left) and from the cross-sectional 

view (right). Scale bars for (A) and (B) are 100 μm.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Thickness of microfibers as a function of the input pressure ratio of core to carrier liquid flows. (Inset) 

Cross-sectional SEM images of microfibers, representing the tendency of film thicknesses according to the pressure 
ratio of flows. Scale bar for inset is 100 μm. 
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Figure 4: (A) Schematic illustration of microchannels for sequentially patterned microfibers (top) and the 
computer aided pneumatic valve system for the on-off switches of core liquid flows. (B) Optical microscope images 
of pneumatic valves in the ‘off’ state (left) and ‘on’ state (right). (C) Fluorescent image of the microchannel in the 

expanded region; the alternating parabolic flow pattern was visualized with R6G and dotted lines were drawn over 
the boundary of channel and each flow pattern. (D) Fluorescent image of the microfiber with sequential 

compartments; the red fluorescent signal from R6G and the green from FITC. Scale bars are 200 μm for (B), 200 μm 
for (C), and 100 μm for (D). 
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Abstract 

We present a continuous microfluidic method that achieves unique and exquisitely controlled gas-liquid contacting in 
utilizing a gaseous reducing agent (carbon monoxide), for the broadly tunable synthesis of plasmonic silica-gold 
nanoparticles. Our method enables tunable gas-liquid contact times with sub-second time resolution, allowing us to 
precisely regulate the dosage and mixing of CO into microscale droplets thereby enabling dynamic tunability of surface 
morphology, without changing reagent concentrations or the need for a reaction quench. Such truly „on-demand‟, 
dynamically tunable nanoparticle engineering is nearly impossible to realize in conventional gas-liquid batch chemistry 
and is the first demonstration of its kind.   
 
Introduction 

Nanoparticles exhibit a wide range of properties not seen in their bulk counterparts and are of much interest in several 
promising applications. Nanoparticle properties are highly dependent on their size, shape and composition. Therefore the 
development of facile, efficient, reproducible and scalable processes for nanomaterials synthesis has attracted 
considerable interest over the past decade. The use of reactive gases such as carbon monoxide (CO) as reagents in 
plasmonic nanomaterials chemistry has been known for more than a hundred years [1], and is of much interest due to the 
exceptional stability of gases when compared to aqueous reagents and the ease with which they can be separated and 
reused [2]. However, due to the extremely fast nucleation and growth kinetics often involved with nanoparticles 
synthesis, implementation of gas-liquid materials chemistry in conventional batch processes poses significant 
reproducibility and scale-up challenges. In addition, CO is highly toxic, and large gas volumes pose inherent process 
safety risks. Continuous flow droplet-microfluidics is a promising technology for synthetic and analytical chemistry as it 
enables automated, well-controlled reagent dispensing, efficient mixing leading to rapid (multiphase) mass-transfer, and 
excellent thermal control. Here we present a continuous-flow microfluidic process that achieves exquisitely controlled 
gas-liquid contacting in utilizing carbon monoxide (CO), a known reducing agent for metal ions [3], for the robust, safe 
and broadly tunable synthesis of plasmonic nanoparticles.  

 
Experimental and Results 

We use a poly(dimethylsiloxane) (PDMS) based microfluidic reactor in which a segmented train of monodisperse 
reagent-filled aqueous drops (AQ) is first created at a T-junction in an immiscible fluorinated oil (FO) and then transits 
through a parallel-channel network situated downstream of the T-junction (Figure 1a, b). CO is delivered into the other 
parallel (and „co-serpentine‟) channel where it rapidly diffuses through the thin PDMS membrane separating both the 
channels and into the droplet via the oil.  The CO that diffuses into each droplet gets rapidly homogenized due to intense 
internal convection within translating droplets. We exert temporal control over the gas-liquid contacting by controlling 
the residence time of the droplets, which, coupled with the inherently accelerated mass transfer in such microscale 
systems, allows us to precisely regulate the amount of CO infused into the aqueous droplets – a capability that is simply 
unrealizable at the macroscale, and has crucial implications in enabling reactive gas-assisted nanoparticle synthesis.  

 
We illustrate the utility of our method in the synthesis of an important class of plasmonic nanomaterials obtained by 

decorating dielectric nanoparticles (silica) with small gold islands („nanoislands‟) or by complete encapsulation with a 
thin shell of gold („nanoshells‟) . Optical properties of such materials depend on the core sizes, island coverage and shell 
thickness. Therefore tight control over particle attributes and size distribution becomes imperative for applications in 
sensing, bio-imaging and cancer therapy, and plasmonic metamaterials [4]. 
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Figure 1: (a) Conceptual schematic of gas-liquid contacting in the parallel channel microfluidic device. (b) Schematic of 
the microfluidic reactor setup. Insets: stereomicroscopic images of (i) segmented aqueous droplet formation in 
fluorinated oil (FO) and (ii) segmented flow of aqueous droplets in the gas-liquid channel network. Scale bars: 300 µm. 
 

Such particles are typically synthesized using electroless plating, in which gold-seeded silica particles are dispersed in 
an aqueous gold salt plating solution (HAuCl4 + K2CO3) and the reduction of Au3+ to Au0 onto the silica surface is 
initiated by a reducing agent [3]. We synthesized silica-gold „nanoshells‟ and „nanoislands‟, by dosing CO into the 
aqueous droplets containing silica particles and Au3+. These aqueous droplets act as individual reaction flasks and are of 
equal volume and subject to nearly identical reaction conditions. Hence, in all droplets nearly equal amounts of CO take 
part in reducing gold ions onto existing gold seeds on silica spheres to give either nanoislands or complete coverage, 
depending on the original silica/[Au3+] ratio. Conventionally in batch syntheses and in our previous work using liquid 
phase reagents, the final plasmon resonance (gold coverage) is strictly controlled by changing the initial [silica]/[Au3+] 
ratio in the aqueous feed solution (fs) [5].  
 

We first synthesized complete silica gold shells using a fs such that the gold ions are sufficient to completely cover the 
silica. Using a residence time of 60s, rapid microfluidic mass transport ensures sufficient dosage into each droplet with 
enough CO to reduce all the existing Au3+ onto silica. Now, since the PDMS membrane is thin and highly permeable to 
gas, the transport of CO from the membrane wall to the droplets represents the rate-limiting step for the growth of gold 
seeds on the silica particles. Typical volumetric wall-to-liquid mass transfer coefficients (kLa) are tremendously 
accelerated in such microscale segmented flows, and are in the range of ~ 0.1 s-1 [6]. The solubility of CO in water (Cs) is 
~ 1 mM. Further, mixing is extremely rapid within the aqueous droplets due to intense internal convection; the mixing 
time tm (~ 0.1 s) decreases with increasing droplet speed and is smaller by at least an order of magnitude compared with 
the residence times used [7]. Hence, a simple mass transfer model that assumes instantaneous mixing and reaction of CO 
within the aqueous drops predicts that the number of moles of CO dosed into each droplet varies linearly with time as 
NCO = kLaCsVdt ~ 2.5 x 10-12t, where Vd is the volume of each droplet (~ 25 nL). Now, since at least 14 x 10-12 moles of 
CO are required for complete reduction of ~ 9.25 x 10-12 moles of Au3+ in each droplet (at 0.37 mM), we infer that at low 
enough residence times we can operate in the CO limiting regime. To exploit this regime, instead of the conventional 
gold limiting regime as mentioned above, we shorten the gas-liquid contact time to well below 60 s, and thereby regulate 
the extent of gold plating for fixed silica/ [Au3+] ratio. This represents a facile on demand route to plasmon engineering 
by simply tuning the gaseous reagent supply into the liquid phase.  
 

To examine this idea, we performed synthesis of particles with varying gold coverage at fixed silica/[Au3+] ratio, by 
varying only droplet residence times (Figure 2). By appropriately tuning the relative flow rates of the aqueous and oil two 
phases, we were able to access high droplet speeds and therefore low residence times in the 1 – 5 s range. Figure 2(a)-(d) 
show TEM images of particles synthesized at silica particle volume fraction fs = 2.8 x 10-5 and aqueous gold 
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concentration (~0.37 mM), which are just sufficient to ensure complete coverage of all particles by a thin layer of gold at 
high residence times (>10 s). Remarkably, we were able to synthesize particles with tunable, reduced fractional gold 
coverage ranging from ~0.65 – 0.85 (Figure 2(e)) with sub-second residence time resolution in the ~1-5 s range. The 
plasmon band of the gold-silica particles with increasing gold coverage shifts progressively towards longer wavelengths 
(Figure 2(f)) – these results highlight the remarkable tunability of plasmon resonances over more than 200 nm with small 
changes in gas-liquid contact time in the 1-5 s range 
 

 
Figure 2: Silica-gold particles obtained by changing the residence times with fixed reagent concentrations: TEM images 
of 230±20 nm silica particles (volume fraction fs=2.8x10-5 in 0.37 mM K-Gold) with: (a) sparse nanoislands, (b) 
nanoislands, (c) almost coalesced nanoislands (d) complete nanoshell.(e) Ensemble UV-Vis spectra for silica-gold 
particles (a)-(d), (f) Plot showing fractional coverage of gold over the silica cores of particles (a)-(d) obtained by TEM 
image analysis using MATLABTM 
 
Conclusion 

We demonstrate the use of a reactive gas for continuous nanomaterials synthesis and tunable process-based 
engineering of plasmon resonances. Exquisite temporal control of gas-liquid contacting and mass transfer enabled by a 
hybrid droplet-based microfluidic platform enables dynamic tuning of the morphology (and plasmon resonance) of the 
nanomaterials simply by varying the residence times of the droplets in the microchannel. Such truly „on-demand‟ 
nanoparticle engineering is nearly impossible to realize in conventional gas-liquid batch chemistry or in solution-based 
continuous processes, and is the first demonstration of its kind.  
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ABSTRACT
Microfluidic radiosynthesizer and solid phase synthesis methodologies are attractive for rapid production of 

short-lived radiolabeled probes for positron emitting tomography (PET). Herein, we combined the synergistic properties 
of a microfluidic synthesizer embedded with a polymer supported precursor to enable diverse production of molecular 
probes at the point-of-use. In this first proof-of-concept, we have successfully demonstrated the solid phase 
radiosynthesis on a continuous flow glass microfluidic chip with 75% fluorination efficiency. The use of a simplified 
linker strategy on a polymerizable substrate within a microfluidic chip could be diversified to synthesize a wide range of 
PET probes.

KEYWORDS: Radiochemistry, F-18, solid phase synthesis, microfluidics, microchemistry

INTRODUCTION
Positron emitting tomography (PET) is a highly sensitive and non-invasive imaging technique for detecting 

biochemical processes in vivo.1 Small molecule PET probes typically use fluorine-18 as the radioisotope of choice due to 
its relatively long half-life compared to other radioisotopes2. 18F-labeling of small molecules is usually carried out by 
nucleophilic fluorination of precursors with no-carrier-added (n.c.a.) [18F]fluoride ion to achieve high specific activity.
The short half-life of fluorine-18 (t1/2= 109 min) requires fast reaction rates and purification processes. Typically, 
radiofluorination reactions utilize huge excess of precursor relative to [18F]fluoride ion to achieve >60% fluorination 
efficiency within 30 minutes of fluorination time. As a result, large amounts of unreacted precursors and side products are 
produced, which requires extensive purification processes. To streamline the purification processes, solid-phase 
radiosynthesis, in which excess precursor is supported onto a polymer matrix, has been reported for the synthesis of  2-
[18F]fluoro-2-deoxy-D-glucose in a macroscale reactor using the perfluoroalkyl sulfonate linker.3,4 However, the 
synthesis of the sulfonate linker involved an expensive starting material and tedious preparation (four step synthesis), 
which limits the wide-spread use of this methodology for other PET probes.

Recently, microfluidic synthesizers have emerged for the syntheses of short-lived molecular probes due to their 
intrinsic properties, which leads to faster reaction kinetics, higher reaction selectivity, and allow for high degree of 
integration, reaction parallelism and automation.5 Here, we combined the advantageous of both microfluidic 
radiosynthesizers and the polymer-supported radiosynthesis methodology for rapid fluorine-18 radiochemistry. To 
overcome the tedious and expensive preparation of the perfluoroalkylsulfonate ester reported earlier, we synthesized a 
simpler sulfonate ester linker functionalized with a polymerizable moiety starting from a commercially available building 
block in one-step.  The reactive sulfonate monomer is directly polymerized within the microfluidic channels under 
visible light irradiation to yield a macroporous bed of polymer support, known as a polymer monolith6. The polymer 
monolith embedded with the substrate is then used as a model reaction towards the development of a rapid, simple and 
clean microscale solid phase radiosynthesis.

EXPERIMENTAL
As a proof-of-concept demonstration, we synthesized 3-phenylpropyl 4-vinylbenzenesulfonate from a 

commercially available 4-chlorosulfonyl styrene and 3-phenyl propan-1-ol. A mixture of 3-phenyl propan-1ol (0.136g, 
1mmols) and triethylamine (1g, 10mmols) in 10 mL of methylene chloride was reacted with 2 equivalent of 4-
chlorosulfonyl styrene (0.426, 2mmols) at 0˚C for 5 hours.  The crude reaction was washed with 2M ammonium chloride 
and a brine solution to yield 3-phenylpropyl 4-vinylbenzenesulfonate in 62% (NMR yield). The off-the-shelf 
microfluidic chip channels (Micronit, dimension 150 µm(w) x 150 µm (d) x 52000 µm (l)) was first vinylized with 3:7 
(v/v) ratio of methacryloxypropyltrimethoxysilane and acetone in order to anchor the porous monoliths onto the micro 
channels.7 The purified vinyl benzene sulfonate ester monomer, (500mg, 3 mmol) and divinylbenzene (250 µL, 230 mg,
1.8 mmols) were dissolved in a mixture of porogens (acetonitrile (237 µL), isopropanol (500 µL) and 1-decanol (600 
µL)) containing initiators, S-camphorquinone (3.2 mg, 0.18 mmols), ethyl-N-dimethylbenzoate (32 mg; 0.16 mmols), 
and N-methyl-pyridinium tetrafluoroborate (32 mg, 0.18 mmols).  The polymerization mixture was flow into the 
vinylized glass microchip and was polymerized between two arrays of LED lights (Roithner Lasertechnik, 470 nm, 
12x20mW) and irradiated for 15 min (Scheme 1).8 . The resulting polymer monolith was washed with copious amount of 
THF (~ 5mL) to remove any residual starting materials using a syringe pump. The sulfonate ester polymer monolith was 
characterized via ATR-IR and solid phase 13C NMR spectroscopies. Both IR and 13C NMR spectroscopies confirmed the 
presence of the sulfonate ester linker on the polymer monoliths. (Figure 1)
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Scheme 1. Overall synthetic scheme of the polymer monolith with sulfonyl ester moiety via photo-initiated polymerization
reaction in a flow-through glass microfluidic chip.   A mixture of monomers, initiator and porogens was flowed into the 
microfluidic channels and irradiated for a predetermined time to form the macroporous sulfonate ester polymer 
monolith. The pre-activated K/[18F]F/K2.2.2 complex is flowed through the aryl sulfonate ester monolithic microchip and
heated at 150 °C to perform the solid phase radiofluorination reaction.   The activated [18F]fluoride ion cleaves the 
sulfonate linker via nucleophilic substitution reaction and releases the fluorinated product into solution, while the 
unreacted precursor and side products remained on the polymer support.  

Figure1. Spectroscopic characterization of sulfonate polymer monolith (a) ATR-IR spectrum showing an asymmetric 
S=O stretch at 1351cm-1, a S=O symmetric stretch at 1171 cm-1 and several S-O stretches at 1000-750cm-1 (b) Solid 
phase 13C-NMR showed the presence of an ether bond (C-O), which confirms the formation of the sulfonate ester 
polymer monoliths.

The [18F]fluoride/K2CO3/Kryptofix (K[18F]F-/K2.2.2) complex was dried azeotropically to activate[18F]fluoride
ions on a Teflon-coated glass substrate as reported elsewhere.9 The activated K[18F]F-/K2.2.2 complex was transferred into 
a syringe using 100 µL of anhydrous acetonitrile and flowed through the embedded sulfonate ester monolith at a flow 
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rate of 1.5 µL/min (residence time of 6 min), while heating  at 150˚C.  The eluent was collected and analyzed via radio-
TLC and radio-HPLC (Figure 2).  The solid phase radiofluorination efficiency was found to be 75%, while the radio-
HPLC confirmed the formation of 18F-labeled product (retention time 9.3 min). This result confirmed that simple 
sulfonate ester is reactive towards nucleophilic radiofluorination when performed within a continuous flow microfluidic 
device. However, under this condition, other undesirable side products were also liberated along with the [18F]
fluorinated product as observed in the HPLC (UV traces) (Figure 2b). While this condition is yet to be optimized, the 
simplicity of the linker chemistry and the ability of the substrate to be directly polymerized in-situ within a microfluidic 
channels serves as a building block to achieve a rapid and clean radiosynthetic methodology.  

Figure 2.  (a) Radio-thin layer chromatography developed in hexane/ethyl acetate (1:1 v/v) showing the radiolabeled (3-
[18F] fluoropropyl)benzene, which travelled at a distance of 50mm on the TLC plate while the unreacted [18F]fluoride ion 
remained on the baseline. (b) HPLC analysis (UV and radio-detection) of the same crude sample, in which the 18F-
labeled product was eluted at 9.27 mins as observed in the radio-HPLC chromatogram. 

CONCLUSIONS
In this report, we have synthesized the polymerizable 3-phenylpropyl 4-vinylbenzenesulfonate monomer 

followed by the in-situ copolymerization with divinylbenzene cross linker within a flow-through microfluidic chip.
Upon optimization of the photopolymerization conditions, a macroporous bed of polymer supporting a simple precursor 
and a suitable linker for solid phase radiofluorination reaction was obtained. In conclusion we have demonstrated, for 
the first-time, solid phase radiosynthesis of a model substrate on a microfluidic device. The combination of microfluidics
with solid phase synthetic methodology has the potential of enhancing the reaction kinetics, selectivity and the ability to 
automate the production of PET probes on demand.
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ABSTRACT
Multi-stage fluidic mixing reactions are critical to diverse chemical and biological assays (e.g., immunoassays).  

Unfortunately, the majority of such assays suffer from laborious and time intensive fluidic mixing procedures.  
Although microfluidic platforms offer significant advantages for accomplishing biochemical assays, current systems 
primarily require external regulation during device operation, particularly for cases in which microbead visualization 
is desired or required during intermediate stages of reaction processes (e.g., aptamer-based sandwich assays).         
To overcome these limitations, here we present a microfluidic “rail-and-trap” processor that functions autonomously 
under continuous input flow conditions to both: (i) perform multi-step fluidic mixing routines with suspended 
microbeads, and (ii) immobilize select numbers of microbeads for visualization and/or optical detection during each
step of multi-stage fluidic processes.  Experimental results revealed railing efficiencies and trapping efficiencies of 
100% for the prototype system, with microbead visualization achieved during each fluidic mixing stage.

KEYWORDS
Railing, Microbeads, Trapping, Continuous Flow  

INTRODUCTION
Microfluidic technologies that employ microbeads as reaction substrates offer significant advantages for

accomplishing biochemical assays, including low reagent volumes, high surface-to-volume ratios, enhanced reaction 
kinetics, and the ability to mix-and-match microbeads corresponding to specific screenings [1-3].  In addition,
microbeads can be functionalized with diverse surface modifications, such as molecular probes capable of detecting 
DNA analytes and inflammatory cytokines [4, 5].  The majority of bead-based microfluidic technologies, however,
require external observation and/or regulation during device operation to perform multi-stage fluidic mixing and 
assaying procedures.  Consequently, recent research has focused on developing systems with autonomous 
“on-chip” functionalities [6-9].  Continuous flow methodologies (e.g., microfluidic railing techniques) offer 
powerful means for transporting microparticulates into discrete, parallel flow streams to rapidly execute mixing 
routines [10-13].  For example, researchers have successfully demonstrated microfluidic railing of microdroplets 
using comparatively smaller microposts (alternatively referred to as micropillars) [12, 13].  Previously, we 
presented the first microfluidic system capable of railing not only suspended microbeads, but also suspended cells; 
however, microbead visualization (and therefore, fluorescence detection) was not possible until after completion of 
the full reaction process [14, 15].  To overcome this drawback, here we adapt our prior technique in order to enable 
microbead immobilization and visualization during each step of multi-stage fluidic mixing processes (Fig. 1). 

CONCEPT
Conceptual illustrations of the microfluidic rail-and-trap system are shown in Figure 1.  Previously, we observed 

that square microposts arrayed at an angle of 1° successfully railed microbeads; however, higher angles (e.g., 10°) 
were found to induce microbead immobilization in the gaps between microposts [14, 15].  In this work, we exploit 
these phenomena in order to passively: (i) transport suspended microbeads into distinct, parallel flow streams, and
(ii) immobilize select numbers of microbeads during each fluidic mixing stage. The microfluidic rail-and-trap
spacer-be0what-this-is

Figure 1.  Conceptual illustrations of the microfluidic “rail-and-trap” system.  (a ) Under continuous input flow 
conditions, microposts arrayed at a low railing angle, αR, guide suspended microbeads into the trapping area.     
(b) The higher trapping angle, αT, promotes microbead immobilization in the designated trapping positions.   
(Inset) Microbead immobilization enables fluorescence detection during each step of multi-stage mixing reactions.  
(c) After each trapping site is occupied by a microbead, subsequent beads are transported into the adjacent fluidic 
stream via the micropost array rails.  This process can be repeated as desired (e.g., with additional reagents and/or 
washes continuously loaded in parallel) to autonomously accomplish diverse bead-based fluidic mixing reactions. 
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Figure 2.  SEM micrographs of fabrication results for the microfluidic “rail-and-trap” system with αT = 10° and   
αR = 1°.  Scale Bars = (a) 500 μm, (b) 200 μm, and (c) 50 μm. 
 
system consists of square-shaped microposts (i.e., of approximately the same size as the microbeads) that are arrayed 
in sections at a low angle, αR, and ‘T’-shaped traps that are arrayed at a higher angle, αT, in order to prevent or 
promote microbead immobilization, respectively.  Under continuous input flow conditions, microbeads are initially 
guided toward the trapping area due to the low αR (Fig. 1a).  The higher αT promotes microbead immobilization in 
the designated ‘T’-shaped trapping positions (Fig. 1b), which enables fluorescence detection (Fig. 1b – inset).   
The ‘T’-shaped trapping designs were used to preclude microbead immobilization prior to the trapping area [16].   
After immobilizing one microbead in each trapping site, subsequent beads are transported into the adjacent fluidic 
stream (Fig. 1c).  This process can be repeated continuously as desired.  For example, additional fluidic reagents 
and washes can be inputted in parallel to tailor the rail-and-trap system for diverse fluidic mixing processes,   
while enabling microbead visualization and optical detection during each step of such multi-stage reactions. 
 
MICROFABRICATION 

The prototype rail-and-trap system was fabricated via standard single-layer soft lithography processes using 
polydimethylsiloxane (PDMS) as described previously [14-16].  The devices included arrays of square-shaped 
microposts (15×15 μm2), with an interpost spacing of 5 μm.  The microchannels were 18 μm in height.  A total of 
three testing systems were constructed, corresponding to three different values of αT (i.e., 10°, 15°, and 20°).  
Figure 2 shows microfabrication results for a system with αT = 10° and αR = 1°. 

 
RESULTS 

Experiments with suspended streptavidin-coated polystyrene microbeads (15 μm in diameter) were performed 
using testing systems with varying αT (i.e., while αR was held constant at 1°) in order to investigate the effects of αT 
on both the railing and trapping performance.  In this study, a clear microbead suspension and an orange-dyed 
solution of phosphate buffered saline (PBS) were continuously loaded in parallel via syringe pumps set at 1.5 μl/min.  
For testing systems in which αT was too high (i.e., αT ≥ 15°), microbeads were not only observed to immobilize in 
the designated trapping positions, but also on top of previously arrayed beads as well as in the αR railing area directly 
preceding the traps.  These issues resulted in device failure because subsequent microbeads were prevented from 
bypassing fully occupied trapping areas, leading to the loss of high numbers of microbeads within such systems.   
In contrast, experiments revealed that the prototype system with αT = 10° (and αR = 1°) effectively immobilized 
select numbers of microbeads in the designated array positions, while transporting all of the subsequent microbeads 
into the distinct, parallel flow streams as designed.  For example, Figure 3a-d show suspended microbeads being: 
(a) railed into the αT trapping area for immobilization, (b) transported along the micropost array rails from the clear 
solution into the discrete, adjacent orange solution, (c) directed to bypass previously immobilized microbeads in the 
αT trapping area, and (d) transported along the micropost array rails from the orange solution back into the parallel 
clear solution.  Multiple experimental device runs confirmed that this process was repeatable.  Quantified results 
for this microfluidic rail-and-trap system revealed a railing efficiency of 100% (i.e., microbeads were not found to 
immobilize in the αR railing sections) and a ‘one-bead-per-trap’ trapping efficiency of 100%.  Additionally, as 
shown in Figure 3e and f, the microfluidic rail-and-trap system enabled both brightfield observation (top) and 
fluorescence visualization (bottom) of arrayed microbeads during each fluidic mixing stage. 
 

 
Figure 3.  Experimental results for the continuous flow microfluidic rail-and-trap system with αT = 10° and αR = 1°.  
(a) Microbeads are railed into the trapping area and then immobilized.  (b) A microbead is railed from the clear 
solution into the orange solution.  (c) A microbead is railed past previously immobilized beads.  (d) A microbead 
is railed from the orange solution back to the clear solution.  (e, f) Brightfield and fluorescence micrographs of 
immobilized microbeads.  Microbeads are 15 μm in diameter; ‘Blue’ and ‘orange’ colored microbeads show a 
single bead captured at two time points within one second.  Scale Bars = (a-d) 200 μm, (e) 100 μm, (f) 50 μm. 
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CONCLUSIONS  
Microfluidic technologies that are capable of autonomous on-chip functionalities are critical to the advancement 

of lab-on-a-chip applications, such as point-of-care (POC) molecular diagnostics and biomarker screening.        
In this work, we presented a continuous flow microfluidic system that utilized microposts and ‘T’-shaped traps 
arrayed at angles of 1° and 10° (i.e., with respect to the flow direction), respectively, in order to passively perform 
multi-step fluidic mixing operations, while immobilizing select numbers of microbeads during each mixing stage.  
Experimental testing revealed that trapping areas with higher angles (i.e., αT ≥ 15°) resulted in device failure because 
subsequent microbeads were unable to effectively bypass previously arrayed beads.  Such systems were found to 
cause microbeads to immobilize on top of previously trapped microbeads as well as in the αR railing section prior to 
the trapping areas.  In contrast, systems that included trapping areas with ‘T’-shaped traps arrayed at an angle of 
10° were found to effectively rail-and-trap the microbeads as designed.  Experimental device runs revealed railing 
and trapping efficiencies of 100%, with brightfield and fluorescence visualization of arrayed microbeads 
accomplished during each fluidic mixing step.  These results suggest that the presented continuous flow 
microfluidic rail-and-trap system offers a robust single-layer platform for passively executing multi-stage fluidic 
mixing procedures with suspended microbeads (e.g., for chemical and biological assays), with the unique capability 
of enabling microbead visualization and signal detection during each stage of multi-step reaction processes. 
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ABSTRACT
   Using our portable in-line fluidic pretreatment apparatus we have adjusted the osmolality and pH of Swiss river 
samples automatically without any dilution or degradation of the samples. The samples will be tested by means of a 
cell-based water quality biosensor for detection of toxins. For cell-based biosensors, the osmolality and pH of the 
sample are critical parameters that must be precisely controlled to prevent cell lysis. Using forward osmosis (FO), we 
developed a device for a low-cost adjustment of these parameters to the standard values of a cell-culture medium (pH: 
8.5, Osmolality: 330 ±10 mmol/kg). 

 
KEYWORDS

Sample preparation, Osmolality, pH, Environmental water, Cell-based biosensor  
 

INTRODUCTION
Conventional methods for pre-adjustment of sample osmolality and pH require complex procedures and expensive 

devices [1]. These methods mostly affect sample components or cause unwanted sample dilution upon adding 
dissolved substances like buffers, cell nutrients, etc. To avoid these drawbacks, we developed a fully automated 
apparatus that works in two steps: firstly, the river sample is mixed with a concentrated cell-culture medium to add all 
the necessary ions and molecules to the sample; and secondly, the excess water added in the first step is selectively 
removed using FO with a high osmolality draw solution.  
 

EXPERIMENTAL
The apparatus prototype and its schematic design are shown in Figure 1.a and 1.b respectively. The sample is 

mixed with a concentrated standard cell-culture medium, and accumulated in the feed reservoir. The heart of the 
apparatus is the osmotic chamber where the FO takes place (Figure 1.c). We presented an earlier version of this 
chamber suitable for submicroliter samples fabricated by rapid prototyping elsewhere [2]. The chamber contains two 
identical fluidic channels separated by an osmotic membrane. The membrane was provided by Hydration Technology 
Innovations, and it is shown in Figure 1.d. The mixture is the feed solution which is pumped into the osmotic chamber. 
It flows along one side of the membrane, and is redirected back into the reservoir. On the other side of the membrane, 
the draw solution (MgCl2, 1 molar) is replenished continuously. A microprocessor regulates the pumps and the valves 
precisely according to the data received from the capacitive liquid level sensor (CLS) attached to the reservoir. Due to 
the osmotic pressure water diffuses through the membrane towards the draw solution. When the feed solution volume 
equals the initial sample volume, the excess water is completely transferred to the draw solution, and the pretreatment 
is finished.  
 

Figure 1. a. Photo of the apparatus prototype with an integrated microprocessor controlling 4 pumps, 2 valves 
and a CLS. b. Schematic design shows the connections between different parts of the apparatus. c. Osmotic chamber 
fabricated in PMMA. d. SEM image of the osmotic membrane
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RESULTS AND DISCUSSIONS 

Flow-rate and temperature are two of the most important factors influencing the water flux in FO [3]. In the 
presented osmotic chamber, over time, the solutes can accumulate at the feed side of the membrane while a thin 
diluted layer of the draw solution can be formed at the draw side of the membrane due to the water transport. This 
phenomenon that reduces the osmotic pressure across the membrane is called concentration polarization, and it 
reduces the flux [4]. Increasing the flow-rate of the feed and the draw solutions can minimize this effect and also the 
membrane fouling [3]. In order to investigate the minimum flow-rate for the highest water flux in this system, both 
feed and draw solutions were pumped at equal but successively increasing flow-rates. The feed solution was a glucose 
solution (230 mmol/kg), and the draw solution was an MgCl2 solution (3600 mmol/kg). According to the results 
shown in Figure 2.a. the highest water flux was at 400 µl/min.  

Increasing the temperature can also increase the water flux [5]. The impact of temperature on the water flux is 
shown in Figure 2.b. In this experiment the feed solution was a standard cell-culture medium with osmolality of 330 
mmol/kg and the draw solution was an MgCl2 solution with an osmolality of 3500 mmol/kg. It was observed that by 
increasing the temperature from 25 °C to 37 °C, the water flux was increased by 2.9% per degree Celsius. 
  

 
Figure 2. Effect of flow-rate and temperature on the water flux. a. By increasing the flow-rate of the feed and 

draw solutions, the water flux was increased gradually. b. Increasing the temperature from 25 °C to 37 °C raised the 
water flux by 2.9% per °C.  
 

Figure 3 demonstrates the osmolality and pH fluctuations of samples monitored over time. The experiment was 
performed at room temperature (25 °C), and both feed and draw solutions were applied at the flow-rate of 400 µl/min. 
The feed solution was a 4 ml water sample mixed with 2 ml of a double concentrated cell-culture medium, and the 
draw solution was a 1 molar MgCl2 solution. Due to the buffering substances in the concentrated cell-culture medium 
mixed with the sample, the pH remained steady. However, the osmolality of the feed solution was elevated by gradual 
transfer of water from the feed solution towards the draw solution. After almost 30 minutes, the osmolality of the 
sample was increased from 220 mmol/kg to the standard value of 330 mmol/kg.   
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Figure 3. Changes in the osmolality and pH of the samples over time as they flow through the osmotic chamber of 

the presented apparatus. 
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Finally, we studied the pretreatment of 4 ml water samples at two different temperatures (Figure 4). As it is shown 
in Figure 4.a, the final osmolality of the treated samples (twin bars on the right) at both 25 °C and 37 °C was equal to 
the standard values (the twin bars on the left). The twin bars in the middle correspond to the osmolality of the water 
samples after being mixed with the double concentrated standard cell-culture medium (660 mmol/kg) in the ratio 2:1. 
The mixture had an osmolality of almost 220 mmol/kg. Figure 4.b demonstrates that the pH of the final treated 
samples was almost equal to the pH value of the standard cell-culture medium at the both temperatures.  
 

 
Figure 4. Osmolality and pH adjustment at 25 °C and 37 °C. The flow-rate of both feed and draw solutions was 

400 µl/min. a. The final osmolality of the treated samples is equal to the standard value. b. The pH of the treated 
samples at both temperatures was equal to the pH of the standard cell-culture medium.   

 
CONCLUSION 

Using our in-line osmolality and pH adjusting apparatus, we could adjust the osmolality and pH of the river water 
samples to the standard values of a cell-culture medium. The time required for the pretreatment of a 1 ml sample 
using an unused membrane at 25 °C and 37 °C was 7.5 min and 5.5 min respectively. This pretreatment process 
neither dilutes the sample components not affects their chemical structures. By adapting some parameters of the 
process, the apparatus can be used for pre-concentration of the samples as well. Moreover, the apparatus is fully 
automated, and can be fabricated at very low price. 
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ABSTRACT 
   We report a development of MEMS based viscosity sensor suitable for in-process measurement for industrial 
uses. The sensor is based on the principle of the vibrating viscometer.  The vibrating body of the viscosity sensor is 
unique dual spiral structure. The geometry provides a seamless surface and a simple structure of the pseudo-parallel 
wall in order to create the Couette flow for sensing the viscous stress. On Si wafer, the spiral structure is formed by 
penetrating trenches(40 µm width, 400 µm depth) which were formed by deep reactive ion etching. In the present 
study, we verified the principle of viscosity measurement by using the viscosity standard liquids. 

KEYWORDS 
viscosity, sensor, MEMS, measurement, spiral 

INTRODUCTION 
Viscosity measurements are universally important in a wide variety of industry and research. Tens of thousands 

of the conventional viscometer which is rotational, capillary, falling-ball and vibrating viscometer has been used in 
the world. However, it is well known that many people are not satisfied with the conventional viscometer at the point 
of usability and portability. Even now, there is no successful compact and portable viscometer as like the handheld 
digital multimeter for the electric measurements. New approaches of portable viscometer and viscosity sensor are 
eagerly expected.  

Recent development of the technology of the micro electro mechanical system (MEMS) provides new design 
method and fabrication tool for viscosity sensor. The viscosity sensor based on the MEMS technology has 
advantages of the downsizing and reducing the cost. However, several problems prevent the MEMS-based viscosity 
sensor from becoming popular method. The first problem is viscoelastic effect caused by the too high operating 
frequency of the vibrating body in the sensor. Many reported viscosity sensor is based on the vibrating viscometer. 
Resonance frequency of micro structure in MEMS device trends to increase corresponding to the scale effect. Some 
examples of the viscosity sensor work in several kHz, even more MHz. Although the viscoelastic effect is ignored in 
the principle of the viscosity measurement of the sensor, the effect occurs in the case of high vibrating frequency. 
Second problem is the fact that calculation of the viscosity needs the density value. Vibrating viscometer using the 
single plate measures a product of viscosity and density. In general, users in industry wish to measure the viscosity 
independently. 

In order to solve the problem, we have proposed the unique vibrating structure for the MEMS-based viscosity 
sensor[1]. The proposed shape of the vibrating body is dual spiral structure. The geometry provides a seamless 
surface and a simple structure of the pseudo-parallel wall in order to measure the viscosity independently. In the 
present study, we manufactured the micro spiral structure by using the MEMS fabrication methods and verified the 
principle of viscosity measurement by using the viscosity standard liquids. 

THEORY AND EXPERIMENT 
Fig. 1 is a photograph of the prototype viscosity sensor. On Si wafer of 400 µm thickness, the spiral structure is 

formed by penetrating trenches of 40 µm width. The trenches were formed by Deep-RIE(reactive ion etching). The 
width of the spiral wall is 80 µm. As shown in schematic image of Fig. 2, the dual spiral is composed of the two 
independent spirals. The red and blue spirals are named vibrating and sensing spiral, respectively. The center of the 
vibrating spiral is pushed by an actuation pin which joints with piezo element in a sensor holder. Deformation of the 
vibrating spiral pushed by pin is demonstrated in Fig. 3.  The deformation of the spiral is similar to that of the 

Figure 1 Photo image of double spiral 
shaped viscosity sensor. 

Figure 2 Schematic image of dual spiral Figure 3 Simulated deformation mode 
of spiral form.  

Penetrating 
trench (wide 40 µm) Vibrating spiral 

Sensing spiral 

12 mm 
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volute spring. The movement of the sidewall of the 
vibrating spiral is pseudo-parallel motion to the sidewall 
of the sensing spiral in the case of relatively small 
displacement of the center of the vibrating spiral. If test 
liquid fills up the gap between the spirals, the shear 
motion of the spiral-walls creates shear flow in the 
liquid. The shear flow courses viscous force on the 
spiral-walls. 

The sensor chip is mounted in the holder in Figs. 4-5.  
The holder includes the piezo actuator and the pin in 
order to actuate the center of the vibrating spiral.  In 
experiment, the whole holder is dipped in test liquid. 
Although the present size of the sensor and holder are 
12×12×0.5 mm and 25×25×25 mm, it is easy to 
downsize in the future. 

As the piezo actuator is activated, the vibrating 
spiral is oscillated. When the displacement x2 of the center of the vibrating spiral is described as follow equation, 

2 2 sinx A tω=         (1) 
the viscous force in steady-state, Fη , on the wall of the sensing spiral is described as follow, 

where S: effective surface area [m2], d: gap distance [m], η: dynamic viscosity [Pa s], ν: kinematic viscosity [m2/s], 
x1: displacement of the center of the sensing spiral [m]. The terms related to the parameter ζ are inertial effect caused 
by the liquid density. If the parameter ζ is smaller than 0.1 (ζ < 0.1), the terms of the inertial effect can be ignored. In 
the case of ζ < 0.1, the viscous force Fη is simplified as follow. 

The sensing spiral is pulled by the viscous shear force. The movement of the sensing spiral is written as following 
equation of motion, 

where, m1: effective mass of sensing spiral [kg], k1: spring constant of sensing spiral [N/m]. The eq.(4) does not 
include the density of test liquid. Therefore, we can measure the viscosity of liquid independently. The displacement 
x1 of the sensing spiral is given by, 
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2 2 1
1 2 2 2
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where ωo is natural angular frequency [rad/s]. The amplitude of the displacement x1 depends on the viscosity and 

Figure 4 Photo image of piezoelectric holder unit. 
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Figure 5 Schematic cross-section view of piezoelectric 
holder unit. 
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angular frequency. Typical frequency response curve of 
the displacement x1 of the sensing spiral is shown in Fig. 
6. As the viscosity of liquid increase, the peak of the 
response curve is broader. The broadening of the curve 
depends on the parameter: 12S m dη . The sensor 
parameter: 12S m d  can be calibrated by the reference 
liquid of which the viscosity value is known. The 
parameter: 12S m dη  is obtained by curve fitting of the 
frequency response. The viscosity of the sample liquid 
can be calculated by using the obtained 
parameter: 12S m dη  and the calibrated sensor 
parameter: 12S m d . 

For examination of the measurement principle, a 
testing system which has a laser displacement sensor 
was built.  Fig. 7 is schematic illustration of the testing 
system. Sample liquids are Japanese standard reference 
liquids.  The properties are listed in Table 1. 
 
RESULTS AND DISCUSSION 

Observed natural frequency is 102 Hz. The 
frequency is relatively lower than the other MEMS 
devices which have vibrating body. The spiral structure 
realizes the flexible spring easily. The characteristic of 
the spiral structure is suitable for the vibrating body of 
viscosity sensor which has to avoid the high frequency. 

Experimental results of the frequency response are 
collected in Fig. 8.  Both of the axes are normalized by 
the fitting value of the resonance frequency ωo and 
peak of amplitude Apeak.  Parameter of the sensor is 
calibrated using the fitting value of the JS10 one of the 
reference liquid.  By using the fitting value of the 
others, measurement values of the viscosity are 
calculated. The measurement results and deviations are 
summarized in Table 1. The results agree with the 
reference values less than 10 %.  Although the 
deviations of the values are not sufficiently small, the 
experiment verified that the proposed dual 
spiral-shaped structure can be applied to the viscosity 
measurement. 
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Figure 7 Schematic view of the testing system. 

Figure 8 Normalized spectra using the piezoelectric holder. 

Kinematic

viscosity

Dynamic

Viscosity

Density

Dynamic

Viscosity

Deviation

24 ℃ calibrated value calibrated value calibrated value measurement

mm2/s mPa・s kg/m3 mPa・s ％

JS2.5 2.295 1.773 0.773 1.66 -6.3

JS5 4.483 3.62 0.807 3.96 9.4

JS10 8.927 7.334 0.822 - 0

JS20 17.16 14.29 0.833 15.62 9.3

JS50 41.25 34.87 0.845 34.63 -0.7

JS100 80.55 68.77 0.854 63.1 -8.2

Table 1 Experimental results in experiment of the piezo unit and the reference value 
of the standard liquid. 
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ABSTRACT
A Teflon coated flow cell has been designed for detection of analyte concentration and liquid identification of 

solvents. An AC voltage is applied across the flow cell to generate a current that is displayed in real time and used in 
solvent analysis. Experimental methods include injecting different concentrations of analytes in a flow path and 
analyzing current peaks that result as analytes enter the cell. The method provides a highly sensitive solvent 
identification and an alternative to more expensive and UV-dependent microfluidic sensing of analytes. 
 
KEYWORDS
Microfluidic, impedance measurement, electrochemical cell, 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), positron 
emission tomography (PET), high-performance liquid chromatography (HPLC), analyte detection 
 
INTRODUCTION

A simple, sensitive and inexpensive method for performing impedance sensing for analyte detection, liquid 
identification and water concentrations of solvents in microfluidic devices is presented. This novel platform builds on 
the principle of detection of precise volumes and droplet composition which has been demonstrated by other impedance 
measurement techniques[1–3]. 

EXPERIMENT
AC voltage is applied across the flow-cell and the resulting current is digitized by monitoring the voltage drop across 

a series 1kΩ resistor. A software-based lock-in-amplifier matched to the input signal frequency improves sensitivity and 
the software displays the amplitude and phase of the current flowing across the cell in real-time (Fig.1).The flow-cell is a 
die-cut Teflon tape with 9 µL serpentine channel sandwiched between two Teflon coated electrodes (Fig.2). The device is 
based on the same serpentine electrochemical cell design as used in microfluidic synthesis of the positron emission 
tomography tracer 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG)[4]. The main function of the previously reported 
electrochemical cell was solvent exchange of [18F]fluoride from aqueous to anhydrous organic media. However, the 
application of a recently developed signal analysis routine[5] and minimal hardware additions enabled real-time 
feedback information from the cell to characterize its contents. This affords valuable information such as the water 
concentration down to ppm concentrations (Fig.3), which can help optimize the performance of the electrochemical 
chip and determine when [18F]fluoride is dried to completion. 

 
Figure 1 Schematic of digital impedance detection system 
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Figure 2 Impedance detection flow cell

 
Figure 3 Impedance response of solutions with different 
concentrations of water in MeCN

Analytical experiments to determine the performance and sensitivity of the device were conducted by injecting 20µL 
of different concentrations of analytes into the flow path at constant flow rate of 10mL/min. The current amplitude and 
phase were analyzed off-line and calibration was performed by calculating the integrals of resulting peaks as analytes 
passed through the chip. Experiments show that the cell is capable of quantifying the amount of water dissolved in MeCN 
down to at least the 100s of ppb level and the level of analytes pertinent to [18F]FDG synthesis, such as K2CO3, 
Kryptofix-222, and mannose triflate at micromolar concentrations (Fig.4). 

 
Figure 2 Impedance response of solutions with different concentrations of water in MeCN 

The device’s high sensitivity and ability to detect analytes without significant UV absorption (such as [18F]FDG), 
enables the flow cell to serve as a detector added onto other microfluidic platforms or HPLC systems used in quality 
control of radiotracers produced for PET studies[6]. In a proof-of-concept experiment,  the impedance cell and digital 
lock-in amplifier setup was placed in series with the HPLC column and UV and gamma detectors, and successfully 
detected the tracer [18F]FHBG at the same retention time (Fig.5). Furthermore, detection of non UV absorbing molecules 
such as mannose triflate (Fig.6), suggests that 2-fluoro-2-deoxy-D-glucose could be detected and used for online specific 
activity measurement of probes such as [18F]FDG produced in small amounts on microfluidic platforms. 
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Figure 5 Impedance response of 0.001M FHBG after HPLC separation (Top) compared with response from UV and 

gamma detectors (Middle and bottom respectively) 

 
Figure 6 Impedance response for 1.0 mM mannose triflate sample injected into HPLC (flow rate: 1ml/min, mobile phase: 

80/20 MeCN/H2O, column: C18) 

Whether used as a standalone device for the detection of concentration of analytes in microfluidic platforms, in 
tandem with electrochemical solvent exchange to determine successful removal of water down to ppm levels or in 
conjunction with existing HPLC separation and detection systems, the impedance cell provides a versatile, inexpensive, 
and effective method for real-time chemical composition analysis during microfluidic processes.  
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ABSTRACT 

Structural colors are caused by the interaction of visible light with micro structures of the substances, on a length scale 
comparable to optical wavelength. We pay marked attention to the structural colored materials because of these less fading 
and low environment burden compared with the colored materials using dyes. This report shows that we fabricated mono-
dispersed spherical assembly (MDSA) composed of submicron silica particles as a structural color material by using a micro 
flow focusing device (MFFD). Moreover, we will introduce the improvement for the coloration of the spherical assembly by 
magnetic particles. 

KEYWORDS: structural color, micro flow focusing device (MFFD), mono-dispersed spherical assembly (MDSA), magnet-
ic particle 

 
INTRODUCTION 

We unconsciously have had a damaging effect on environment with producing a variety of materials for the development 
and prosperity of humankind. As a result we had serious environmental problems caused by pollutions. Pigments and dyes 
that are useful for fulfilling life are no exceptions. Considering the rise of an environmental awareness and the minimal im-
pact of environment in future, we need to produce environmentally friendly color materials. Structural colored materials must 
be the strong candidates because a variety of colored materials can be prepared just by changing the microstructures of the 
materials [1]. Here, we describe the preparation of new structural colored materials by mixing white particles such as mono-
dispersed submicron silica particles and black particles like magnetite particles using a micro flow focusing device (MFFD).  

Structural colors are caused by interference of light, scattering, and diffraction effects; the color tints are influenced by re-
fractive indices and structural form of substances [2]. One of the most widely anticipated structural colored materials are a 
colloidal crystal with a periodic optical nanostructure, composed of mono-dispersed submicron silica particles. Structural 
colored pigments can be obtained from the smashed powders of colloidal crystal. As, however, the powders obtained exhibit 
different colors because the structural color from such a periodic dielectric structure is caused by Bragg diffraction [3]. In 
comparison, spherical assemblies (SAs) of the mono-dispersed submicron silica particles are particular interest because of the 
possibilities for the controlled unicolor materials. In addition, such color materials can have the application potential for       
biomolecular screenings or color displays [4, 5].  To use SAs for such applications, we need to apply a micro flow focusing 
device (MFFD) for preparing the mono-dispersed SAs (MDSAs) of mono-dispersed submicron silica particles (Figure 1). 

  

Figure 1 Photographs of our micro flow focusing device (MFFD): a) Overall view, b) The crossed channel of 
MFFD. The device has the channel of 200 μm diameter. Oil phase: 0.2 wt% of Span80 is dissolved in hexadecane. 
Water phase: Silica particles are suspended in aqueous solutions with or without Fe3O4. 
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Figure 2 Outline of MDSAs fabrication process. 

Figure 3 The pictures of MDSAs fabrication 
process. 
a) Picture of crossed channel 
b) W/o emulsion which was output on dish 
c) Picture of w/o emulsion 

EXPERIMENTAL 
 

 

 
We prepared the MFFD made of poly(methyl methacrylate), which 

has a flow focusing geometry integrated into a planar flow channel of 100 
and 200 m diameters to form aqueous drops containing mono-dispersed 
submicron silica particles in a continuous and immiscible oil phase. The 
MFFD has also an oil phase inlet, a water phase inlet, a crossed channel, 
and an outlet (Figure 1a).  A water-in-oil (w/o) emulsion can be prepared 
at the crossed channel using this MFFD (Figure 1b). We used an oil phase 
of a hexadecane solution including 0.2wt% of Span80 and an water phase 
suspending mono-dispersed submicron silica particles with or without 
Fe3O4. The oil and the water phases are inserted to the flow channels by 
syringe pumps, and the w/o emulsion is produced at the crossed channel 
(Figure 2). The moment that a mono-dispersed aqueous droplet was fabri-
cated is shown in Figure 3a. The emulsion comes out of the exit, and then 
flows into a dish filled with oil on a hotplate (Figure 3b). As a result, 
mono-dispersed aqueous droplets containing mono-dispersed submicron 
silica particles can be obtained by the MFFD (Figure 3c). The mono-
dispersed aqueous droplets are dried in oil phase in the dish at 100 °C for 
6 hours. In this drying process we used a hydrophobic dish made of poly 
tetrafluoroethylene because spherical SAs cannot be obtained when we 
use a hydrophilic dish such as a glass dish due to the adsorption of the 
aqueous droplets to the surface of the dish; the aqueous droplets interact 
with the surface of the hydrophilic dish and cannot keep these spherical 
shapes. In the drying process, water in the aqueous droplets is evaporated 
by the application of heat and the silica particles in the aqueous droplets 
are flocculated. After drying the aqueous droplets in the oil phase, MDSAs 
of the silica particles are fabricated: the MDSAs exhibit brilliant colors be-
cause of the crystal structure. The size of the MDSAs can be controlled by 
changing the concentration of the silica particles in the aqueous solutions 
(Table 1). The diameters of the fabricated MDSAs were from 53.8 μm to 
77.8 μm according to the concentration of the silica particles. The coeffi-
cients of variance of the MDSAs were under 10%; we could prepare 
MDSAs with various sizes just by changing the concentration of the silica 
particles in the aqueous suspension by using the MFFD. Moreover, we 
tried to improve the coloration of the MDSAs by the addition of magnetic 
particles. Figure 4a is a picture of the MDSAs made of just mono-

dispersed submicron silica particles with 200 nm in diameter. These 
MDSAs exhibit glossy pearl-like structural color. However, the colora-
tion of the MDSAs can be dramatically changed by the addition of small 
amount of magnetic particles (Figure 4b). These MDSAs with magnetic 
particles reveal dazzling blue structural color. By adding the magnetic 
particles, we can also expect the magnetic responsivity of the MDSAs. 

a 

c 

b 

a 
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CONCLUSION 
We could fabricate mono-dispersed 

spherical assemblies by using MFFD that 
have a crossed channel. The diameter of 
MDSAs could be varied by changing the 
concentration of silica particles in the 
water phase. Furthermore we could 
change color saturation by adding mag-
netic particles. These results indicate that 
the MDSAs will become new and envi-
ronmentally friendly color materials. 
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Concentration of silica particles (wt%) 10 20 30 40 
Average diameter (μm) 53.8 63.0 73.3 77.8 

Value of CV (%) 6.3 4.6 4.7 3.7 

  Figure 4  Photographs of MD SAs  
a) MDSAs composed of only mono-dispersed submicron silica particles. b) 
MDSAs composed of mono-dispersed submicron silica particles and magnetic 
particles. 

Table 1 The sizes of SAs depending on the initial concentration of mono-dispersed submicron silica particles.  
 

a b 
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ABSTRACT 
  In the present work, a 3D gold microcoil has been directly fabricated on a capillary surface based on MEMS 
technology utilizing our new developed cylindrical projection lithography system. Compared with other hand 
winding, laser exposure and contact printing 3D microcoils, the one our reported can realize higher fabrication 
resolution and efficiency. As a result, this microcoil would greatly improve sensitivity of nuclear magnetic resonance 
(NMR) used in detecting mass-limited samples. 
 
KEYWORDS 
NMR, 3D microcoil, MEMS, Cylindrical projection lithography 
 
INTRODUCTION 
  Nuclear magnetic resonance (NMR) is a powerful analytical tool, known for its ability to identify chemical and 
biological signatures. However, its relative lack of sensitivity has limited the use of NMR for studies of mass-limited 
samples. Numerous strategies over the years have been investigated to increase sensitivity of the NMR experimental, 
including winding small copper wire on the thin capillary [1], inkjet contact printing and laser exposure to form 3D 
microcoils, etc. Recently, even several planar microcoils have been developed using microelectronic and 
micromachining techniques [2]. However, above-mentioned microcoils have lower fabrication resolution and 
magnetic field inhomogeneity problems, respectively. With regards to this, here we developed a new fabrication 
method of 3D microcoil on the thin capillary based on our previous cylindrical projection lithography system [3]. 
The magnetic field strength distribution of the 3D coil on capillary has been simulated and analyzed using Ansoft 
Maxwell commercial software. The main fabrication processes, such as spray coating, magnetron sputtering, wet 
etching and cylindrical projection lithography were used to realize the microcoil on capillary. Finally, the fabricated 
microcoil was characterized by a network analyzer and its S11 reflection coefficient was also tested. 
 
DESIGN AND SIMULATION 
  The layout and circuit using microcoil for on-line NMR detectors is shown in figure 1(a), Ct and Cm are the tuning 
and matching capacitors, respectively. The microcoil is used as a key radio frequency (RF) component in NMR 
probe. Maximum sensitivity for the solenoidal microcoil is achieved by keeping the coil axis vertical to the applied 
magnetic field. A corresponding RF circuitry mainly consists of capacitors is connected with two electrodes of the 
microcoils. Tested mobile phase or buffer fluid can flow in the capillary with microcoil. The designed microsystem 
can be used to detect and analyze mass-limited samples, even nanoliter-volume ones for portable and low-cost NMR 
equipment applications. Figure 1(b) shows the section view of the capillary with microcoil. The outside diameter 
(OD) of capillary is 1mm and the inside diameter (ID) is 800µm. In the present work, the coil will be fabricated by 
sputtering gold (Au) material and subsequent wet etching process. The thickness of microcoil is 0.15µm. The main 
structural parameters of the capillary and designed microcoil are indicated in figure 1(c). The number of turns of 
whole coil structure is 20, and its line width and spacing are both 30µm. 

 
Figure. 1 Schematic diagram of (a) layout and circuit using microcoil for NMR detection; (b) section view and (c) 

main structural parameters of the designed microcoil on a capillary surface 
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  The magnetic field strength distribution of the microcoil on capillary is simulated by Ansoft Maxwell commercial 
software for analyzing its distribution uniformity. Figure 2 shows the simulated magnetic field strength distribution 
of the 3D microcoil under certain 1A direct current. The maximum magnetic field strength is about 0.024T. It can be 
seen that the magnetic field around the capillary shows good homogeneity, which is important for realizing a stable 
and reliable detection.  

 
Figure. 2 Simulated magnetic field strength distribution of the 3D microcoil on capillary 

 
MICROFABRICATION AND CHARACTERIZATION 

Figure 3 is the basic fabrication process of the microcoil. After Au film sputtering the spray coating resist film 
was baked at 120°C for 20min. The cylindrical projection lithography was done for the patterning the resist film 
utilizing our previously developed cylindrical projection lithography system [3]. Then the Au film wet etching 
process was carried out successively, and main procedures are as follows:  
(a) Capillary substrate ready and cleaning the surface of the capillary using plasma; 
(b) Au film with about 0.15µm thickness was sputtering onto the capillary surface by magnetron sputtering; 
(c) Spray coating resist on the capillary substrate by developed home-made coating system with heater nozzle [4]; 
(d) Exposure and patterning of the capillary with coated resist film by developed cylindrical lithography method; 
(e) Au film coated on the capillary was patterned by wet etching process; 
(f)  Resist film was removed in acetone and obtaining the solenoidal microcoil on the capillary. 

In above-mentioned microfabrication processes, the used photoresist is S1830 (Shipley Co. LLC) which is one of 
the most commonly used resists in spin coating process at our laboratory. In addition, AZ5200 (AZ Electronics 
Materials) is used as a thinner solvent. This thinner is mainly based on propylene glycol monomethyl ether acetate 
(PGMEA), which is commonly utilized as a thinner solvent for the direct spray coating process. All resist solutions 
were prepared in weight ratio just before the spray coating process.  

The quartz capillary substrates used in this work were all cleaned by immersing in the H2SiO4/H2O2 solution at 
115˚C for 15 min and then rinsed with purified water. Then they were treated by a UV ozone treatment unit 
(AcingTec. VX-0200HK-002) for the surface modification. The cleaned cylindrical substrates were loaded into the 
spray coater and spray deposited with the prepared resist solutions. Systematic experiments were carried out aiming 
to investigate the effects of real-time heating treatment and rotation speed (0~1500 rpm) of the cylindrical substrate, 
etc. The film thickness was directly measured by the confocal microscope (Lasertec, OPTELICS H300) and the 
scanning electron microscope (SEM).  

    
   Figure. 3 Main fabrication processes of the microcoil     Figure. 4 Optical photo of the fabricated microcoil 
 
  In fabrication, the Au film is deposited on the cylindrical capillary surface by two times opposite placement within 
a chamber where a turbo molecular pump is used to evacuate the chamber to 7.0×10-4Pa. The sputtering gas was 
argon of 99.9% purity and Au target is 70mm in diameter and of 99.99% purity. The applied power is set to 100W, 
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resulting in a relatively fast growth rate. With these parameters for deposition, we get Au film that is uniformly 
distributed and very fine.  
  In cylindrical projection lithography, UV-light strength 1300µW is used to realize the exposure to coated resist 
with 7µm thickness. In the exposure the rotation speed of the capillary with resist coated is set to 0.2deg/s. After the 
projection exposure, the development was carried out and residual resist was also removed in acetone. As a result, 
the resist film was patterned successfully. Then, the Au film without resist coated and corresponding seed layer Cr 
were removed by wet etching method.  
  Finally, the successfully fabricated microcoil on the 1mm-in-diameter quartz capillary is shown in figure 4. The 
measured pitch along longitudinal direction is generally 65µm, while the line width is not constant along the whole 
range. It is mainly due to the exposure energy is not enough uniform within the exposure area, which is mainly 
related to the misalignment of the optical axis. 
  Figure 5 shows the optical photo of the fabricated Au microcoil on a capillary next to a European coin for 
reference. It can be seen that at two sides of the microcoil there are two pads fabricated for subsequent RF 
measurement. In the present work, Agilent-4395A network analyzer was used to measure the quality factor of the 
fabricated microcoil. The quality factor is defined as the resonance frequency divided by its bandwidth, which is 
about ~8. Figure 6 shows the results of S11 refection coefficient measurements. It can be seen that the microcoil is 
tuned to have a maximum power transfer at 55.6 MHz.  

     
 Figure. 5 Optical photo of the fabricated Au microcoil   Figure. 6 Test S11 reflection coefficient of the fabricated 
      on a capillary next to a coin for reference                   microcoil by network analyzer 
 
CONCLUSION 

A new fabrication method of 3D microcoil on a capillary has been proposed. The magnetic field strength 
distribution of the coil on capillary has been simulated. The basic MEMS fabrication processes were used to realize 
the microcoil on capillary. The fabricated microcoil has 30µm line width and 60µm pitch. Compared with other 
traditional methods, the one our reported can realize higher fabrication resolution and efficiency. Finally, the 
fabricated microcoil was characterized by a network analyzer, which shows the microcoil at 55.6 MHz has a 
maximum power transfer. 

In our further work, the process will be optimized to fabricate higher aspect-ratio microcoil. The detector based 
on the microcoil will be applied to on-line NMR system with permanent magnetic field for analyzing mass-limited 
samples. 
 
ACKNOWLEDGMENT 
  One of authors, Z. Yang, is grateful for Japan Society for the Promotion of Science (JSPS) for offering a 
postdoctoral fellowship support. 
 
REFERENCES 
[1] D.L. Olson, T.L. Peck, A.G. Webb, R.L. Magin, and J.V. Sweedler, High-Resolution Microcoil 1H-NMR for 
Mass-Limited, Nanoliter-Volume Samples, Science, pp. 1967-1970. (1995). 
[2] C. Massin, F. Vincent, A. Homsy, K. Ehrmann, G. Boero, and R.S. Popovic, Planar Microcoil-Based Microfluidic 
NMR Probes, Journal of Magnetic Resonance, pp. 242-255. (2003). 
[3] D. Lee, H. Hiroshima, Y. Zhang, T. Itoh, R. Maeda, Cylindrical Projection Lithography for Microcoil Structures, 
Microelectronic Engineering, pp. 2625-2628. (2011). 
[4] Y. Lu, Y. Zhang, J. Lu, A. Mimura, S. Matsumoto and T. Itoh, Three-Dimensional Photolithography Technology 
for a Fiber Substrate Using a Microfabricated Exposure Module, Journal of Micromechanics and Microengineering, 
pp. 125013. (2010). 
 
CONTACT 
Yi Zhang: +81-029-861-7297 or yi.zhang@aist.go.jp 
 

 649



DEVELOPMENT OF GATING NANOPORE 
 TOWARDS SINGLE-BIOMOLECULE ELECTRICAL IDENTIFICATION 

Yuta Sasaki1, Takahito Ohshiro 2, Satoyuki Kawano 1, Masateru Taniguchi 2, Tomoji Kawai 2 
1School of Engineering Science, Osaka University, Japan, 2ISIR, Osaka University, Japan. 

 
ABSTRACT 
    We fabricated a gating nanopore (GN) nanostructure, which is composed of a silicon-based nanopore and 
embodied gold gap-electrode inside the nanopore by using newly developed fabrication scheme. We investigated 
change in electric current flowing not only between Ag/AgCl electrodes paralled to a nanopore, but also between 
gap-electrodes when single-particles pass through a nanopore. We found that the change in ion-current flowing 
between gap-electrodes was related not only to the particle size and surface charge. From the ionic current intensity 
and its time profiles, we demonstrated the discrimination of sample single-particles among the mixed sample 
solutions. The electrical measurement by using gating nanopore would be a promising methodology for 
single-biomolecule sensors. 
 
KEYWORDS 

nanopore, nanogap-electrode, single-biomolecule, electrical measurement.  
 

INTRODUCTION 
 The nanopore-based device enabled discrimination of individual molecules/ions based on the fact that a 

different value of ionic current is observed for each of these molecules passing through a nanopore. The 
methodology has emerged as high-throughput single-molecule/ion detection and identification methodology [1]-[5]. 
The synthetic solid-state nanopore device nanopores were one of the hot-topics in the research field of nanopore 
device because of the robustness and usability in a wide range of pH, temperatures and electrical voltages. In 
addition, they also provide flexibility in pore and membrane sizes, which is important for sensing various target 
analysis [6]-[11]. We have proposed a single molecule analysis by using “Gating Nanopore (GN)”, which is composed 

of solid-state nanopores and nanogap electrodes [12]. This nanostructure is expected to detect molecules that pass 
through a nanopore not only by a change in electric current flowing between nanogap electrodes perpendicular to a 
nanopore, but also by the electric current between the nanoelectrodes (FIG.1). Herein, we developed a fabrication 
scheme of a gating nanopore with a diameter in the range from 200 um to 40 nm. By using the gating nanopores, we 
investigated analytical target molecules translocating through the pore by electrical measurements of ionic current 
parallel to the nanopore, and between gap-electrodes inside nanopore, respectively. 

 
FIG. 1: Schematic of gating nanopore device for identification of single bio-molecules. single-particles / biomolecules that pass 
through a nanopore only by change in electric current not only flowing paralled to a nanopore, but also flowing between nanogap 
electrodes perpendicular to the nanopore. By using a gating nanore, we have proposed a single-molecule DNA/RNA sequencer. In 
the device, it is expected that DNA molecules electrophoretically translocate through the nanopore by applying the dc voltage 
between the Ag/AgCl electrode, and the DNA sequence is determined by sequentially measuring the tunneling-current of its 
nucleotide just through the nanogap electrode.  
 
EXPERIMENTAL SECTION 

The fabrication scheme of a gating nanopore (GN) is in the following three steps (FIG.2). In the first step, a 
gap-electrode pattern was formed on silicon wafer by a standard electron-lithography. Ti/Au/Ti thin films were 
sequentially formed by use of a RF sputtering method, and the gap-electrodes were produced by lift-off process. In 
the second step, the nanopore pattern was made based on alignment marks in order to position the nanopore just in 
the center of gap-electrode, and the nanopore was produced by RIE dry-etching. In the third step, the deep 
reactive-ion etching process (BOSCH) was performed on the opposite surface of the nanopore, producing a 
through-hole. The gap-electrode were coated with insulated silicon layer prepared by chemical vapor deposition 
(CVD) except the apex of the electrode on the sidewall of the pore. Optical microscopy and scanning electron 
microscopy were used for the characterization of the pore-size and nanogap-distance of the GN. The measurements 
of current-time (I-t) and current-voltage (I-V) profiles were performed between the Ag/AgCl electrodes paralled to 
the nanopore in a 1 M KCl or 1xPBS buffered solution (pH 6.9), and between gap-electrodes perpendicular to the 
nanopore, respectively. The Ag/AgCl electrodes were prepared by Pt or Ag wire coated with Ag/AgCl ink (BAS, Co., 
Ltd.). Microfluidics polydimethylsiloxane (PDMS) substrate were put on both sides of the gating nanopore. The KCl 
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or PBS solutions were poured into the PDMS microfluids, and were flowed through the nanopore by an electric field 

applied between the Ag/AgCl electrodes. The polystyrene (PS) particles (Thermofisher Co.,Ltd.) were used for the 

sample particle. The ζ-potentials of the PS particles were found to be around -35 mV from Multi-particle Anaylzer 

(Kashiwa). All electrical measurements were performed by using a Faraday gauge, and PXIe system and in-house 

virtual instrumentation written in LabVIEW (National Instrument) at a sampling speed of 10kHz-1MHz.   

 

      
FIG. 2 Fabrication process of Gating nanopore device. Fabrication scheme of a gating nanopore: (Step 1) a gap-electrode 
formation process. (a) SiO2/Si/SiO2 wafer, (b) Cr sputtering. (c) Spin-coating of ZEP resist on the wafer, and gap-electrode 
pattern is lithographed by electron-beam. (d) Au sputtering. (e) Remove resist. (f) CVD SiO2 layers. (Step 2: Red) a nanopore 

formation process. (g) Spin-coating of ZEP resist on the wafer, and nanopore pattern is lithographed by electron-beam. (h) SiO2 
is etching by RIE. (i) Remove resist. (Step3: Green) a through-hole process. (j) Spin-coating of ZEP resist on the wafer, and pore 
pattern for a through-hole is lithographed by electron-beam. (k) Cr etching for the hole pattern. (l) SiO2 is etching by RIE. (m) Si 
etching by the deep reactive-ion etching (BOSCH) process. (n) Cr etching. (m) photo-image of GN device. The device size is 10 x 
10 mm. In one fabrication, the obtained number of devices is 32. (o) Schematics of electrical measurements by using a gating 
nanopore.  

 

RESULT AND DISCUSSION 

First, we performed electrical measurements of current-time (I-t) between the Ag/AgCl electrodes paralled to the 

nanopore for standard-sized polystyrene (PS) particles translocating through the pore (FIG.3a). Since the surface of 

the sample PS particles are functionalized with carboxyl group, they are negatively charged. When the negatively 

charged PS particle was driven by the electrophoretic force and enters the pore, it partially precludes the pathway for 

ionic conduction and the ionic current through the nanopore decreases. Therefore, the individual PS particle signals 

were observed as negative-pulses (FIG.3b), corresponding to the translocation through the gating nanopore. The 

magnitude of “resistive-pulse” scaled approximately in proportion to the particle volume, which is similar to coulter 
counter type measurements in the previously reported study [13]-[15]. In addition, at constant applied voltage, a linear 

dependence was observed between the particle-translocation event rate and the concentration of particles. These 

results demonstrated that this change in current would be used to size and determine the concentration of the analyte 

species recorded as the nanoparticle is driven across the membrane.  

  
 
FIG. 3 Electrical Measurements of Gating nanopore for sample particles (a) Schematics of the measurement with nanopore 

parallel Ag/AgCl electrodes. (b) I-t profiles. The signals is 10, and 4 um PS particle with 20um GN. The signal intensity is found 
to be approximately in proportion to the particle volume. (c) Schematics of the measurement between gap-electrode 
perpendicular to a nanopore. (d) Electrical Measurements of 10um Gating nanopore for PS particles with gold gap-electrodes 
under 1xPBS aqueous solution containing 1mM K4[Fe(CN)6] / K3[Fe(CN)6]. The negative-current-signals represents the particle 
translocation of the gap-electrode.  
 

Next, we measured the current-time profiles between the gold gap-electrodes of the gating nanopore (FIG.3c). In 

the absence of the sample particle inside the gap electrodes, a steady-stable ionic current was observed between the 

gap-electrodes because some kinds of ions in the solution were reacted at the exposed gap-electrodes. The 

steady-flow current is called as a background current. In aqueous solutions containing sample PS particles, when a 

PS particle translocate between the gap-electrodes and/or approaches the electrodes, it is expected to be partially 

reduced the ionic conduction, resulting in temporally decreasing and then recovering the background current. FIG.3d 

shows a typical I-t profile for the 1xPBS containing 6um PS particles when the applied potential is +0.4V. The I-t 

profile shows the current change for the signal was too small to be detected in this condition. This would be mainly 

due to the low background current. The I-V profiles in the same solution shows the current was increased in the 
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range of over ± 1.5 V, but the current was almost zero in the range of under ± 1.0V. These results suggest that the low 

background current would be not due to the regulation of ion conduction between the gap-electrodes but due to the 

low chemical reaction on the electrodes surface. Next, in order to increase the background, we applied the voltage of 

over ± 1.5 V applied between the gap-electrode. FIG.3e shows a typical I-t profile for the 1xPBS containing 6um PS 

particles when the applied potential is -1.2V. The background current was increased and the negative signals were 

observed, but the background-current is not stable. This is due to gas-evolving reactions, i.e., oxygen, and/or 

hydrogen gas, under the buffered aqueous solutions.   

In order to stabilize the background ionic current even under high applied voltage conditions, the [Ru(NH3)6]Cl3 

or K3[Fe(CN)6]were used as the redox-reaction mediator at the gap-electrode surface. This is because the redox 

potential of K4[Fe(CN)6] and [Ru(NH3)6] Cl3 were found to be about +0.16 V, and −0.23 V (vs Ag/AgCl) in the 

aqueous solution, respectively so that the redox reaction would be easily occurred, compared to those without the 
redox-reaction mediators. Moreover, the redox products of these mediators were soluble so that the diffusion of the 

chemical reaction was not inhibited by the reaction products, while the gas-evolving reactions inhibited the 

redox-reaction on the surface without these mediators. FIG.3f shows a typical current-time profiles for the 6um PS 

particle in 1xPBS buffer solution containing 1mM K3[Fe(CN)6]/ K4[Fe(CN)6] for redox-mediators. We found that the 

background current should be a steady-stable flow, and some negative-signals were observed in the I-t profiles. 

When the negatively charged PS particle approached the electrode, the concentration of the redox anion mediateor of 

[Fe(CN)6] was significantly reduced on the electrode surface, so that the negative-current signals was observed in the 

I-t profiles. We also found that the negative-signal intensity was related to the sample size. For example, the average 

of the signal-change for 8um PS is larger than the 6um PS particle signals. This result suggested that, when the size 

of particle is increased, the distance between particle and the electrodes decreased so that the mediator redox 

reaction became inhibited. In addition to this size effect on the signals, we also found that the pH of the sample 
solution also have effect on the current-intensity. For example, the averaged signal-change for 6um PS in pH 6.9 was 

found to be larger than that in pH 1.2 in 1xPBS buffer solution containing 1mM K3[Fe(CN)6]/ K4[Fe(CN)6] for 

redox-mediators. The ζ-potentials measurements for the 6um PS particles in pH 6.9, and pH 1.2 were found to be -38 

mV, and -12.5 mV, respectively. Since the negatively charged sample particles were naturally repulsive to the anion 

redox mediator, the difference in the surface charge of the sample particle might induced the difference in the 

concentration of the redox mediator around the gap-electrode, resulting in the difference in the signal intensities 

between the 6um PS particles in pH 6.9 and pH 1.2.  

 

CONCLUSION 

 We fabricated a gating nanopore nanostructure, which is composed of a solid-state nanopore and embodied 

nanogap-electrode inside the nanopore by using a simple fabrication method developed here. By using the gating 
nanopore, we detected the translocation phenomena of single-particles/biomolecules through a nanopore by the 

change in electric current flowing between Ag/AgCl electrodes paralled to a nanopore and between gap-electrodes. 

We found that the change in the current between the Ag/AgCl electrodes is in proportion to the volume of the sample. 

We also found that the change in ion-current flowing between gap-electrodes was related not only to the particle size 

and surface charge. The gating nanopore-based electrical measurement potentially serves to obtain several kinds of 

the characteristic properties for analytical targets so that it would be promising for high-throughput 

single-biomolecules single-molecule sensors.  
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ABSTRACT 
This work reports a unique fabrication protocol that would enable microfluidic researchers to prototype complex 

microfluidic circuits that require 100s (or less) of pneumatic microvalves in all-Polydimethylsiloxane (PDMS) substrates. 
The protocol is simple, facilitates rapid prototyping, avoids some drawbacks of corona/plasma bonding, does not require 
cleanroom use and can be used for high or low-aspect ratio microchannels of any channel cross-section profile. 
Furthermore an application of this protocol is demonstrated in the fabrication of a microfluidic device for high-
throughput genetic screening of Caenorhabditis elegans (C.elegans). 

 
KEYWORDS: PDMS membranes, Soft lithography, Microvalves, Multiplexing, High-throughput 

 
INTRODUCTION 

 There are two types of pneumatic-actuated microvalves for PDMS substrates: normally-open microvalves [1] and 
normally-closed microvalves [1]. Popular normally-open microvalves are Quake microvalves [1]. These can be 
fabricated in high densities, but only work with low aspect-ratio channels with rounded/semicircular cross-sectional 
profile [1]. This necessitates cleanroom facilities for soft lithographic molds. A cheaper alternative to these are the 
doormat-style microvalves [1] (a popular type of normally-closed microvalves) and their functionality is independent of 
channel aspect-ratio and channel cross-section profile. Therefore soft lithographic molds for them can be made outside 
the cleanroom by xurography of adhesive vinyl films [2].  

Doormat-style microvalves have two subcomponents. These two subcomponents are called Flow-layer and Valve-
layer. The Flow-layer includes all microchannels with valve-seats in which the analyte is manipulated. The Valve-layer 
contains all valve-chambers with microchannels for pneumatically pressurizing the valve-chambers, thereby controlling 
the ON/OFF function of the microvalves.  However, as doormat-style microvalves have valve-seats in their design, it 
makes alignment between the Flow-layer and Valve-layer critical. Consequently, doormat-style microvalves are difficult 
to produce in high densities as compared to Quake microvalves.  

Mosadegh et. al. have fabricated doormat-style microvalves in high densities in a all-PDMS device [3], but used 
corona bonding to bond the Valve-layer to the Flow-layer. However, efficient repeatable alignment in corona bonding 
requires trained hands or alignment hardware, as good quality corona-induced irreversible bonding is instantaneous with 
less room for correcting misaligned layers. Furthermore, Mosadegh et al used precisely aligned stamping of PDMS 
residual oligomers to deactivate the bonding properties selectively for valve-seats [3]. Therefore repeatable use of the 
same PDMS stamp for many identical prototypes is questionable, as the stamp may gradually lose its ability to deposit 
sufficient oligomers for deactivation.  

Our new fabrication protocol (described in Figure 1) for PDMS-based microvalve arrays avoids these limitations of 
instantaneous irreversible bonding, oligomer stamps and cleanroom costs (both monetary and time) to fully utilize the 
benefit of soft lithography for rapid, easy and cost-effective prototyping. The key innovative feature of the protocol is 
exploitation of the tendency of the partially-cured actuating PDMS membrane to stick to the valve-chamber’s top-wall 

(which has been pre-silanized) and create a Valve-membrane overlap. This helps the membrane to avoid being 
irreversibly bonded to the valve-seat during the final assembly process (a major drawback of doormat-style microvalves 
[3]), but irreversibly bond everywhere else for robust microvalve arrays. Furthermore, since partially-cured bonding is 
utilized (which is not instantaneous and has good bonding quality as compared to corona bonding [4]) good manual 
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alignment can be easily achieved, as an alignment-error can be corrected by safely separating the misaligned layers and 
re-align. 
 
EXPERIMENTAL 

All PDMS used in this work has a base to curing agent ratio of 10:1. Molds for replica molding of PDMS devices 
were made by Laser Xurography of adhesive vinyl tape [2]. Thickness of a single layer of vinyl tape is ~ 110 µm.  

Figure 1 shows the new fabrication protocol for making the microvalve array, which is made by combining two sub-
components: Flow-layer and Valve-layer. For the Valve-layer, PDMS is poured in the mold and fully cured. Then the 
molding is separated from the mold.  Using a hole-punch, access holes for the pneumatic pressurization of valve-
chambers in the Valve-layer are cored in. Valve-layer is turned upside-down and a patterned polycarbonate masking lay-
er (~0.12 mm thick) is placed on top of it (step 1 of Figure 1). Patterning (selectively cutting) of the masking polycar-

bonate layer is done by a CO2 laser. This patterning is done so as to protect all parts of the inverted Valve-layer, except 
the valve chambers from silane deposition later. The placement of polycarbonate layer is done without any aid of align-
ment hardware. The Valve-layer with the polycarbonate masking layer on top, is placed in a vacuum chamber at -26inHg 
for vacuum deposition of silane (step 1 of Figure 1). Silane inhibits irreversible bonding of the actuating valve membrane 
(bonded to the Valve-layer later). A PDMS layer is spin-coated on a PMMA (Poly-methyl methacrylate) wafer at 2800 
rpm and partially cured (step 2 of Figure 1).  

After vacuum deposition of silane the polycarbonate masking layer is removed and the bottom of the Valve-layer is 
corona-bonded to the partially-cured PDMS layer on the PMMA wafer (step 3 of Figure 1). Both contacted pieces are 
placed in an oven at 62 ˚C for 30 minutes to deactivate the membrane for any further corona bonding and increase the 
strength of the corona bond. After cooling the Valve-layer and membrane at room temperature, the Valve-layer is peel-
off against the PMMA wafer (step 4 of Figure 1). This peels-off the bonded membrane (partially-cured) as well. Then the 
membrane is pushed-up against the valve chamber by the help of an air gun (step 5 of Figure 1). The partially-cured 
membrane will have a tendency to stick to the valve’s ceiling due to the presence of un-crosslinked oligomers [5]. This 
produces a Valve-membrane overlap between the valve-chamber’s top wall and membrane. Thru-holes are cored in the 
Valve-layer with hole-punches for inlets/outlets of the microfluidic flow circuit in the Flow-layer. 

The Flow-layer is molded by Xurographic molds in the same way as the Valve-layer, except that it is partially-cured. 
Then the Flow-layer and the Valve-layer are brought together to make the microvalve array. The bonding arrangement 
for these two layers is shown in Figure 1 step 6. Trapped air bubbles are manually squeezed out.  

Once proper alignment is achieved and air bubbles have been squeezed-out, the assembly is placed in the oven at 62 
˚C to convert the reversible bond between Valve-layer and Flow-layer to a irreversible bond and fully cure the mem-
brane. In the end the microvalve array is tested for any non-functional valves or valve-leaks (step 7 of Figure 1) by flow-
ing colored water through the microchannels in Flow-layer and Valve-layer. 

 
RESULTS 

Figure 2 parts (a) and (b) show two microfluidic circuit designs for a microfluidic 32 well-plate designed for high-
throughput manipulation of C.elegans in genetic screening. The circuits contain an array of microvalves: 110 mi-
crovalves in Circuit-I and 160 microvalves in Circuit-II. Figure 2 part (c) shows flow tests carried on Circuit-I. The tests 
revealed 2 valves non-functional in Circuit-I and 1 valve non-functional in Circuit-II.  
 
CONCLUSION 

A simple and cost-effective fabrication protocol for fabricating 100s of microvalves in all-PDMS substrates has been 
presented. The protocol is specifically designed to aid microfluidic researchers to fully utilize the benefits of rapid proto-
typing provided by PDMS-based soft lithography to test their research ideas.  

 
Figure 2. All microfluidic circuits above contain microchannels of 110 µm depth with widths ranging from 320µm to 

120µm. (a) Circuit-I containing 110 microvalves (capsule-shaped 2.6mm x 1mm). (b) Circuit-II containing 160 mi-

crovalves (capsule-shaped 3.3mm x 2.4mm). (c) Microvalve test for Circuit-I in which the channels were filled with green 

colored water soluble dye, for microvalve leaks and microvalve performance. 
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However the protocol could be characterized further so that it could be easily utilized by the microfluidic research 
community.   
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ABSTRACT 

In this article, we report a mask-less and cleanroom-independent technique to fabricate Polydimethylsiloxane 
(PDMS)-based multi-depth microfluidic devices using a polystyrene (PS) mold with laser-induced multi-height 
bump patterns for PDMS soft-lithography. This technique offers a rapid and low-cost alternative to conventional 
PDMS mold creation, which requires more complicated mask-based photolithography process, and it also eliminates 
the cumbersome precise alignment/bonding of microchannel layers to fabricate a 3D structure [1]. This paper reports 
the first use of this new laser bumping technique for creating multi-height molds for soft-lithography. 
 
KEYWORDS 
Multi-depth microchannel, bump, PDMS, microfluidic. 
 
INTRODUCTION 

High power CO2 lasers have widely been used to fabricate microchannels on polymers such as Poly(methyl 
methacrylate) (PMMA) [2], PDMS [3], Polycarbonate (PC) [4], and Polytetrafluoroethylene (PTFE) [5] through 
thermal ablation process. Inversely, positive relief “bumps” rather than channel profiles have been shown in 
nanoscale on Si and polystyrene using 248 nm KrF laser [6, 7], and nanobumps have also been shown on silicate 
glasses fabricated by CO2 laser [8].  These nanobumps occur when the laser power is below the vaporization 
threshold of the materials.  

In our previous work [9, 10], we created laser induced bumps higher than 3µm on PS sheet by laser heating 
below the ablation threshold using a commercially available CO2 laser system (Universal PLS6.75), which emits a 
wavelength of 10.6 µm with a maximum output power of 75 W and maximum speed of 300 mm/s. 

In this study, we succeeded to increase the bump height on PS by multiple laser scans, which has allowed us to 
grow the height of the CO2 laser-induced bumps on the polystyrene sample to dozens of microns. This technique 
offers a rapid and low-cost method to fabricate multi-depth PDMS microfluidic devices using the PS mold with 
multi-height bump pattern. 
 
EXPERIMENT  
Material and apparatus 

1.2 mm thick Polystyrene sheet with molecular weight of 267.8 kDa purchased from Goodfellow Cambridge 
Limited, England was studied in this work. The CO2 laser system (Universal PLS6.75) emits a wavelength of 10.6 
µm, and the laser beam is focused by a lens with a focal length of 60 mm to a spot with a 0.127 mm diameter. The 
laser power can be set from 0 to maximum 75 W along with scanning speed from 0 to 300 mm/s.  

The micromachining pattern on the sample can be prepared by computer aided design programs, and CorelDraw 
was used in this work. The profile of the microchannels was measured by a Veeco DEKTAK 150 profiler system. 

Bump formation on PS 
A photothermal process happens during the CO2 laser scanning across PS surface. Decomposition and 

vaporization will happen when the laser power is above the vaporization threshold of PS.  Inversely, bump rather 
than void on PS may appear if the laser power is below the vaporization threshold of PS. The fabrication of straight-
line bump pattern on PS by CO2 laser scanning is shown schematically in figure 1. 
 

                                                               
           Figure 1. Bump fabrication by laser heating.                     Figure 2. Laser-induced bump profile. 

The profile of PS bump along the laser path depends on the laser power and scanning speed, and the bumps occur 
because of the net volume increase, which has previously been explained by the fast cooling effect after laser 
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irradiation [4] and is more highly pronounced in polymers. Figure 2 shows one PS bump in our study which is 
fabricate using a laser power of 3.75 W at the scanning speed of 300 mm/s. 

Bump growth induced by multiple laser scan 
In this study, we found that bumps grew and increased in height when multiple laser scans with a power lower 

than the vaporization threshold were applied atop the previous ones, as shown in figure 3. To make it simple, all the 
laser scans have the same power of 3.75 W and the same scanning speed of 300 mm/s. In our study, the bump height 
grew from 4 µm to 33 µm, corresponding to 1 scan and 21 scans respectively, as shown in Figure 4. 
 

                                                             
       Figure 3. Bump growth induced by multiple laser scans. Figure 4. Bump height dependence on laser scans. 

Fabrication of multi-depth PDMS microfluidic devices 
In our previous work, single-depth microchannels on PDMS were fabricated using laser-induced uniform bump 

on PS. The laser-induced bump growth on PS offers a new method to fabricate multi-depth microchannels on PDMS 
using the PS mold with multi-height bump patterns. To show how it works, we fabricated a multi-depth PDMS 
droplet generator using PS bump mold. First a T-junction multi-height bump is patterned on PS, as shown in Figure 
3, by multiple scans of laser with power of 3.75 W and scanning speed of 300 mm/s. The 15 µm high bump in green 
color was fabricated by 15 laser scans, while the 33 µm high bump in pink color by 22 laser scans. Then PDMS 
prepolymer (Dow Corning Sylgard 184, 10:1 parts A and  B,  fully mixed and then degassed in vacuum for 30 
minutes) was poured atop the PS mold, followed by curing at 80 oC for 1 hour.  Finally the PDMS layer with multi-
depth microchannels was demolded, as shown in Figure 5, and then bonded onto a piece of glass by O2 plasma to 
form closed channels. 

                   
Figure 5. PDMS layer with multi-depth microchannels    Figure 6. Experimental setup for droplet generation.
demolded from the laser bumped PS master.  

 
Figure 7. Droplets passing from shallow channel to the deeper channel and their reshaping. 

To test the multi-depth PDMS droplet generator, light mineral oil (SIGMA-ALDRICH) and water which was 
dyed by red ink were injected into the channel through the inlet holes with flow rate of 0.05 µl/min, as depicted in 
Figure 6. The long rod-like red water droplets were generated at the T-junction as shown in Figure 7, and then the 
water droplets changed into ball shape when they entered from the 15µm deep microchannel into the 33µm deep 
microchannel. 
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In this work, we demonstrate a rapid and low-cost method to fabricate multi-depth PDMS droplet generator. The 
PS mold is fabricated within a few minutes and can be used repeatedly. More complicated PDMS multi-depth 
microchannel networks can be easily done using PS mold with a corresponding bump pattern, and it will help to 
further expand the multi-depth microfluidic devices’ applications. 
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A DOUBLE-SIDED MICROMOULDING PROCESS FOR REPRODUCIBLE 
MANUFACTURING OF THIN LAYERS AND 

3D MICROCHANNELS IN PDMS  
J. Mikael Karlsson, Tommy Haraldsson, Carl Fredrik Carlborg and Wouter van der Wijngaart 

Microsystem Technology Lab, KTH Royal Institute of Technology, Sweden 
 

ABSTRACT 
 To fabricate complex microfluidic devices in a rapid manner, we have developed a novel method for simultaneous 
patterning of two sides of a single layer of PDMS using double-sided micromoulding. A mould surface coating 
containing aminosilanised poly(vinyl alcohol) (PVA) provides low-stress release of fragile polymer structures from the 
mould as well as inhibition of PDMS polymerisation at through-hole locations, thus enabling fabrication of membranes 
and 3D microfluidic networks in a single step. Alignment of the top and bottom patterns is achieved already during the 
moulding step using guiding structures in the mould halves, leading to a procedure with a minimum number of alignment 
and bonding steps needed to fabricate fragile 3D microfluidic devices. 
 
KEYWORDS 
Double-sided moulding, 3D microfluidic networks, poly(vinyl alcohol) release layer, poly(dimethylsiloxane), 
microfabrication 
 
INTRODUCTION 
 Lab-on-chip systems requiring 3D microfluidic networks, e.g. for laminar mixing [1] and valving [2], need vertical 
interconnects to join channels in different layers. Such interconnects (vias) are difficult to manufacture in soft lithography 
due to squeeze films on raised mold features that define vias locations, resulting in residual thin membranes that block 
the vias [3]. Also, large area thin PDMS layers, e.g. used as membranes [4], are difficult to fabricate due to stress-
inducing manual process steps of soft lithography that tend to rupture the membranes [5]. Furthermore, assembly of 
microstructured layers requires careful alignment, which is difficult to achieve when performed manually due to straining 
of the thin PDMS structures. These challenges have previously been addressed through double-sided moulding to obtain 
patterns on two sides of a single PDMS layer using high-precision instruments. However, these processes require 
complex moulds [6, 7] and either high clamping pressure [6] or post-processing [7] to achieve through-holes. We 
recently presented alternative methods for 3D through-hole fabrication, using polymerisation inhibition [3] and low-
stress fabrication of fragile structures using a water-dissolvable mould coating [8]. However, our previous methods 
require assembly and alignment of several PDMS layers to create 3D microfluidic networks. Here, we present a novel, 
generic variant of PDMS soft lithography for rapid prototyping of advanced microchips in which a “monolithic” block of 
micropatterned polymer is created in a single cure process using an uncomplicated double-sided moulding technique, in 
which we combine our previously reported polymerisation inhibition [3] and water-dissolvable film [8] methods. 
 
 

 
 

Figure 1: Process steps of the double-sided moulding method. 
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EXPERIMENTAL 

 Figure 1 shows the detailed fabrication sequence. SU-8/silicon moulds were designed and fabricated to consist of two 

layers, in order to achieve polymerisation inhibition [3] and guiding structures for alignment. The moulds were then spin-

coated with a layer of PVA solution (2% PVA in water, 60 s at 800 rpm) and dried on a hotplate (70 ºC, 10 min). The 

moulds were thereafter immersed into a solution of 2% (w/w) aminosilane AEAPS (Z-6020, Dow Corning, USA) / 

methanol for 1 h and dried (70 ºC, 10 min). PDMS was casted onto the two moulds, which were then folded onto each 

other and aligned using the guiding structures. The moulds were pressed in close contact and placed in an oven (1 h at 70 

ºC). The cured polymer layer was released from the moulds through dissolution of the PVA in an ultrasonication water 

bath, thus providing low-stress release demoulding of the PDMS. The polymerisation inhibitory function of the 

aminosilane groups prevents solidification of the polymer at the via positions by binding the PDMS polymerisation 

platinum catalyst [3]. The unpolymerised material at the via positions was flushed away during demoulding, thus 

resulting in well-defined microfluidic connections between the two structured sides. The moulds were thereafter removed 

and the PDMS was floated onto a destination substrate (silicon, glass, polyester film) and dried. Silanisation used during 

the floatation [8], plasma activation (15 s at 40 W, FEMTO A, Diener electronic GmbH) and adhesion were used for 

bonding of top and bottom substrates onto the PDMS to seal off the channels, resulting in a contained cartridge with two 

structured sides. The top lid had a smaller footprint than the bottom substrate to allow fluidic access on the top side of the 

cartridge. 

 
Figure 2: Structures made using the double-sided moulding process. a) Photograph of a 160 µm “basket weave” 

structure, with b) channels moving from one layer side to the other through vias, with a density of 512 vias on 250 mm
2
, 

defined by the inhibition technique. c) Photograph of a microreactor structure, containing a fragile, 50 µm thin and 1 

cm
2
 footprint suspended membrane. Water with candy dye was introduced to both sides for visualisation. d-e) Cross 

section photographs showing d) channels and a membrane and e) a through-hole of the microreactor structure. f) A 330 

µm thin laminar mixer chip with two separate liquid inlets and a common outlet for mixed liquid. 
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RESULTS AND DISCUSSION 

 The double-sided moulding method was successfully used for fabricating 3D microfluidic structures in a single 

moulding step, as shown in Figure 2. First, a 160 µm thin basket weave structure bonded between a silicon substrate and 

a microscope cover glass, with 32 crossing channels & 512 trough-holes on 250 mm
2
, was successfully produced (Figure 

2.a-b). It was observed that careful alignment was crucial to achieve a 100 % yield of open holes, and the floatation 

transfer was needed to achieve wrinkle- and bubble free contact and avoid structure damage. Second, a layer forming a 

microreactor structure, containing a 50 µm thin and 1 cm
2
 area integrated membrane, suspended between two reaction 

chambers, was covalently bonded to a glass slide using plasma activation (2.c-e). Finally, a polyester-PDMS-polyester 

laminar flow micromixer stack, with a total thickness of 330 µm, based on a previous design [1] that combines flows 

from the two sides of the layer into one stream, was fabricated (2.f-h). 
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CONCLUSION 

 We introduce a novel method for fabrication of advanced microchips made in one PDMS piece, containing 

microstructures on two sides connected with through-holes of high density. A pin-guided mould alignment allows for 

downscaling of feature sizes and reduced dead volumes on-chip. Lab-on-chips containing 3D microfluidic networks and 

fragile structures were successfully fabricated. This constitutes an easy and scalable method to achieve thin, advanced 

microstructures for production of microfluidic lab-on-chips. 

 

REFERENCES 

[1] F. G. Bessoth, A. J. deMello and A. Manz, Microstructure for efficient continuous flow mixing, Anal Commun, 36, 

pp. 213-215, (1999) 

[2] M. A. Unger, H-P. Chou, T. Thorsen, A. Scherer and S. R. Quake, Monolithic microfabricated valves and pumps by 

multilayer soft lithography, Science, 288, pp. 113-16, (2000) 

[3] C. F. Carlborg, T. Haraldsson, M. Cornaglia, G. Stemme and W. van der Wijngaart, A high-yield process for 3-d 

large-scale integrated microfluidic networks in PDMS, J Microelectromech Syst, 19, pp. 1050-57, (2010) 

[4] J. De Jong, R. G. H. Lammertink and M. Wessling, Membranes and microfluidics: A review, Lab Chip, 6, pp. 1125-

1139, (2006) 

[5] J. M. Karlsson, T. Haraldsson, C. F. Carlborg, J. Hansson, A. Russom and W. van der Wijngaart, Fabrication and 

transfer of fragile 3D PDMS microstructures, J Micromech Microeng, 22, pp. 085009, (2012) 

[6] A. Mata, E. J. Kim, C. A. Boehm, A. J. Fleischmann, G. F. Muschler and S. Roy, A three-dimensional scaffold with 

precise micro-architecture and surface micro-textures, Biomaterials, 30, pp. 4610-17, (2009) 

[7] N. Lucas, S. Demming, A. Jordan, P. Sichler and S. Büttgenbach, An improved method for double-sided molding of 

PDMS, J Micromech Microeng, 18, pp. 075037, (2008) 

[8] J. M. Karlsson, T. Haraldsson, C. F. Calborg and W. van der Wijngaart, Low-stress transfer bonding using floatation, 

J Micromech Microeng, 22, pp. 075005, (2012) 

 

CONTACT 

* J.M. Karlsson, tel: +46(0)87909059; jmkarl@kth.se 

 661



A HIGHLY EFFICIENT 3D MICROMIXER FABRICATED 
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ABSTRACT 

This paper reports a stereolithography-like 3D fabrication method based on soft-lithography techniques.  It only 
requires standard equipment for photolithography, but it makes true 3D structures fabrication possible.  We 
developed a rotating partition by this method in a microfluidic channel, which cannot be achieved by conventional 
soft-lithography, and demonstrated a prototyping three-dimensional flow mixer. 
 
KEYWORDS 
3D fabrication, microfouidics, micromixer.  

 
INTRODUCTION 

3D microfabrication techniques are one of the most important things for furthering the progress of microfluidics 
research.  Although a lot of reports for microfluidics have been published so far, most of them use research with 
two dimensional or sub-3D structured microfluidic devices due to limitations of a conventional photolithography and 
an injection molding.  True 3D structures can be fabricated using laminated object manufacturing such as 
micrstereolithography and multilayer devices. [1]  Micerostereolithography can achieve complex 3D structures, but 
it needs a special instrument.  These techniques also limit throughput of large-area lithography due to using a scan 
method.  As for multilayer devices, we have to use a messy process to bond layers chemically. 

To overcome these problems, we suggest laminated object manufacturing based on a soft-lithography with a 
UV-curable polymer for high throughput fabrication.  It does not need without a special instrument and 
troublesome chemical bonding. 

 
EXPERIMENT 

Figure 1 shows a schematic diagram of a fabrication method based microfluidic device fabrication.  A 
UV-curable polymer (NOA 81) was used as a material to fabricate microfluidic device. [2]  In this fabrication 
method, devices were fabricated using a combination of UV-exposure and casting technique against a 
Polydimethylsiloxane (PDMS) mold.  A standard soft-lithography was used to fabricate SU-8 based masters on 
silion substrate to produce PDMS mold.  Subsequently the PDMS replicas were used as molds for making NOA 81 
sheets to retain a sticky thin layer since the NOA curing is inhibited by oxygen.  NOA 81 was poured into 
interspaces between PDMS molds, and it was cured by UV irradiation.  Then all NOA 81 layers were laminated 
and bonded by UV irradiation in a regular order with help from sticky thin layers after the NOA 81 replicas were 
peeled off from PDMS molds. 

 

 
Figure 1. A schematic diagram of UV-curable polymer based miscrofluidic device fabrication 

 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  662



To visualize 3D structures, it was observed from vertical cross-section with confocal microscope after injecting 
fluorescein into the channel. 
 
RESULTS AND DISCUSSION 

We fabricated a rotating pertition embedded in a microfluidic channel.  The microfluidic channel was Y-junction 
and the structure was shaped that a horizontal separator rotated 180º round on center of an axel.  One cycle of the 
structure was 2 mm in length and 5 cycles were in a channel.  Figure 2 was cross sectional images taken with a 
confocal microscope at 0, 200, 600, 1000, 1400 and 1800 µm in a flow direction.  We also achieved to fabricate a 
microfluidic channel with two rotating partitions.  The horizontal separators that cannot be fabricated by a 
conventional soft-lithography were achieved by the fabrication method with UV-curable polymer. 

 

 
Figure 2. A structure of a mixer with a rotating partition. 

 
Fluorescent reagent was introduced into the channel from right side of the Y-junction, and water was introduced 

into from another side to observe flow in the channel.  Two kinds of liquids were rotated with a change in cross 
section structure and they were mixed roughly after 5 cycles.  We confirmed that 3D fabrication was achieved by 
our method and the structure worked as a mixer.  Although mixing efficiency was worse than the simulation 
prediction, flow dynamics coincided with the simulation results.  We consider that bubbles and low alignment 
accuracy caused a decrease in mixing efficiency. (Figure 3) 
 

 
Figure 3. Fluorescent confocal micrographs of vertical cross-sections of the channel and simulation prediction while 

mixing.  Mixing dynamics was almost coincided with simulation prediction. 
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The rotating partition has an application for the mixer to prevent sedimentation of particles in microfluidic 
channels.  While there is almost no flow upward in a chaotic mixer [3], the rotating partition has upward flow in the 
channel.  It will work like a concrete mixer and lift particles to a channel ceiling. (Figure 4) 

 

 
Figure 4. Flow direction allows on y-z plane in microluidic channels with a deforming wall mixer 

 
CONCLUSIONS 

We reported here the 3D microfabrication method without any special instruments, which has the possibility of 
high volume production in principle.  We also demonstrated the production of the rotating partition fabricated with 
the standard soft-lithography equipment.  This fabrication method makes it possible to design various microfluidic 
devices with 3D structures and control flow three dimensionally. 
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FAST AND VERSATILE FABRICATION  
OF PDMS NANOWRINKLING STRUCTURES 

Kang Wei, Yi Zhao*

Department of Biomedical Engineering, The Ohio State University, USA 
 

ABSTRACT
A benchtop process is reported to create and pattern nanowrinkling structures on the polydimethylsiloxane 

(PDMS) surface. Electrical discharge generates a rigid thin film on a uniaxially strained PDMS foundation using a 
hand-held corona tester. Subsequent relaxation leads to surface wrinkling with varied wavelength dependent on the 
exposure time. Those nanowrinkles are directed either parallel or orthogonal to linear PDMS microstructures by 
manipulating the strain field during wrinkling. Compared to E-beam evaporation, UV exposure, or focused ion beam 
for surface wrinkling, this wet bench process avoids the use of costly equipment and greatly reduces turn-around 
fabrication cycle.  

 
KEYWORDS
Surface wrinkling, electrical discharge, nanofabrication, PDMS 
 
INTRODUCTION 

Periodic micro/nanoscale polymer structures are widely used in optical gratings, cell alignment guidance, and 
micro/nanofluidics. One popular method to create such structures is to utilize mechanical buckling instability. To 
this end, a rigid thin layer is often deposited on a solid support made of compliant materials such as polystyrene (PS), 
polydimethylsiloxane (PDMS), or shape memory polymers. Upon compression the thin layer undergoes buckling 
and self-organizes into microscale or nanoscale wrinkles. Effective approaches of micro/nano wrinkle formation 
include metal evaporation or sputtering on elastomeric films, UV-ozone irradiation or oxygen plasma treatment of 
mechanically stretched polymer substrates, and exposure of polymer substrates to focused ion beam (FIB) [1]. 
Special facilities are essential in these processes for creating the rigid thin layer on the solid foundation. The limited 
accessibility of these facilities and the associated long processing time, however, compromises the manufacturing 
efficacy. In this study we report an alternative method using a hand-held corona tester, which can create ordered 
micro/nanowrinkles within a few minutes on a wet laboratory benchtop. The need for cleanroom environment or 
expensive facilities is eliminated. This method also allows easy integration with conventional microfabrication to 
create hierarchical micro/nanostructures. 
 
FABRICATION OF NANOWRINKLES  

The wrinkling process is depicted in Figure 1a. PDMS prepolymer is first mixed with the curing agent at 10:1 and 
spin-coated. After cross-linking, the PDMS thin film is cut into 55mm×10mm×1mm rectangular strips. They are 
elongated lengthwise using a tensile loading apparatus ((100Q250-6, Testresources, Shakopee, MN) and held at a 
strain that ranges from 5% to 70%. The strip is then exposed to electrical discharge generated by a hand-held high 
frequency corona tester (BD-20AC Electro-technic Products, Chicago, IL) (Figure 1b). During the exposure, the tip 
of the discharger is positioned 2 mm away from the PDMS strip. After treatment the PDMS strip relaxed to the 
original length at an unloading rate of 100 m/s. Low temperature electrical discharge is generated by approaching 
the discharge tip connected to the output A of the tester to the strip, while keeping another microelectrode B 
grounded (Figure 1c). The power transformer T1 sets up a high voltage that causes a spark gap to break down at the 
rate twice of the line frequency (100-120 Hz). The spark gap charges capacitors C1 and C2 that are connected to the 
primary windings of the resonator coil T2 with an air core. Because of the inductance of primary windings of T2 and 
capacitors, an oscillating current of very high frequency is set up in the circuit. The spark gap is adjusted to reach the 
resonant frequency of the circuit about 3.8 MHz. High voltage is thus induced in the secondary windings of T2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Benchtop wrinkling process. (a) Schematics of surface wrinkling; (b) Experimental setup; (c) Electrical 

diagram of the corona tester. 
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Figure 2a shows that wrinkle wavelength increases with the exposure time, while the strain magnitude plays a 
relatively minor role. For exposure time of 2 min to 10 min, wrinkle wavelength was from 500 nm to 1200 nm. 
Figure 2b&c shows a typical sinusoidal wrinkling pattern when the PDMS strip is subject to 70% strain and 2 min 
exposure time. The wrinkle has a 500nm wavelength and forms perpendicular to the strain direction. The depth is 
about 100 nm, yielding a height-to-wavelength ratio of 0.2. 

 
 
 

 
 
 
 
 

 
 
 
Figure 2 Characterizations of wrinkling features. (a) Wrinkle wavelength vs. Exposure time; (b) SEM micrograph; (c) 

AFM micrograph. 
 
PATTERNING OF NANOWRINKLES  

Interfacing nanostructures with larger structures is a critical task of nanofabrication. Here, we demonstrate 
integration of nanowrinkles with linear PDMS microstructures. Figure 3 illustrates the fabrication process. First, an 
array of semi-cylindrical microstructures is fabricated by reflowing patterned AZ 9260 photoresist on a silicon wafer. 
The pattern is then transferred to a PDMS substrate by replica molding. Afterwards, the PDMS substrate is stretched 
uniaxially and held at 5% strain followed by 2 min exposure to the electrical discharge. Continuous nanowrinkles 
can thus be fabricated on the reflowed structures. The orientation of nanowrinkles is dependent on the stretching 
direction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Fabrication of hierarchical micro/nanostructures by benchtop wrinkling. 
 
  Results show that for longitudinal stretching, linear wrinkles along the transverse direction form on the bottom 

surface, the crest and the slopes of microstructures; for transverse stretching, linear wrinkles formed only in the 
space between microstructures, but not on the crest and the slopes (Figure 4). In these structures, the characteristic 
dimension of the microstructures is one order of magnitude greater than that of the nanowrinkles. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 SEM of nanowrinkles (a) parallel and (b) orthogonal to the reflowed microstructures. 
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The spatial patterning of nanowrinkles with PDMS linear structures is achieved by manipulating the surface strain 
field and agrees with the finite element analysis (Figure 5). It shows that for a thin substrate with microstructures, 
the strain magnitude upon substrate stretching is dependent on topography of surface structures. In particular, for a 
substrate with a linear microstructure, the crest and slopes of the structure exhibited relatively lower strain 
magnitudes than that of the bottom surface if the uniaxial strain is applied normal to the longitudinal direction of the 
structure. On the contrary, the crest and the slopes of the structures and the bottom surface exhibited the same strain 
magnitude when the strain is along the longitudinal direction of the structure. In both scenarios, wrinkles occur only 
when the prestrain is greater than 3%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Strain distribution analysis of parallel wrinkling (a) and orthogonal wrinkling (b). Blue curve/line indicates 

the magnitude of the applied strain. 
 
CELL ALIGNMENT ON HIERARCHICAL STRUCTURES  

Orthogonal microstructures/wrinkling features are especially useful for studying cellular mechanosensitivity. 
Skeletal myoblasts C2C12 (ATCC, MD) are cultured and seeded (1×106 cells/ml) on the pre-sterilized and pre-
treated orthogonal micro/nanostructures. Results show that the transverse wrinkling structures, to some extent, 
disrupts cell alignment by the linear microstructures (Figure 6). The mechanism of such combined features on 
regulating cellular adhesion and migration deserves further investigation. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Cell alignment on microstructures (a) with and (b) without orthogonal nanowrinkles. 
 
CONCLUSION 

Periodic micro/nanowrinkles are fabricated on benchtop with minimal cost and complexity. Spatial patterning of 
wrinkling structures is also achieved that facilitates the use of micro/nanowrinkles in broad applications. 
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THIN FILM PATTERNING USING A WATER-SOLUBLE ETCH MASK 
Samantha M. Grist1*,  Lukas Chrostowski1, and Karen C. Cheung1 

1Electrical and Computer Engineering, The University of British Columbia, CANADA 

ABSTRACT 
We present a novel method to pattern materials which are not compatible with organic solvents through the use of a 

water-soluble etch mask. In this work we used a polyvinyl alcohol (PVA) etch mask to pattern polystyrene-based optical 
oxygen sensor films.  We demonstrate a manual PVA deposition method utilizing a micromanipulator stage and syringe; 
however, the PVA could also be deposited using a 3D or multilayer inkjet printer.  Following PVA deposition, the 
polystyrene sensor film is patterned using an oxygen plasma etch.  Sensor function after patterning was verified by 
oxygen gas calibration.  The simplicity of this fabrication process makes it well-suited for applications in microfluidic 
cell culture and labs on a chip, as many of these applications require single-use sensors. 

KEYWORDS: Thin-film Patterning, Optical Oxygen Sensor, Microfluidics, BioMEMS, Lab-on-a-chip 
 

INTRODUCTION 
The micropatterning of certain solvent-incompatible thin films presents a difficult problem because photoresist sol-

vents, developers, or strippers attack the film.  While it is possible to directly deposit some of these materials using 
methods such as pipetting, inkjet printing, or microcontact printing, these methods often yield patterned films of nonuni-
form thickness.  An example application where film thickness uniformity is an important parameter is optical oxygen 
sensing using intensity-based fluorescence or phosphorescence quenching measurements.  In this application, the lumi-
nescence intensity is used to directly measure the oxygen levels; however, this intensity is also dependent on the amount 
of luminescent indicator present, and hence the film thickness.   Spin casting the sensor film onto flat substrates and sub-
sequent patterning yields more uniform sensor film thickness than direct deposition (e.g. through pipetting) of sensor ar-
eas, which facilitates intensity-based oxygen measurements as the sensor’s light emission is dependent on film thickness. 
This paper presents a simple and cost-effective method of patterning these spin-cast films using a water-soluble polyvi-
nyl alcohol (PVA) etch mask. 

BACKGROUND 
Optical oxygen sensors are ideal for microfluidics and lab on a chip systems because they do not consume oxygen 

and can be readily miniaturized. The luminescence quenching behavior of the sensors is modeled by the Stern-Volmer 
equation [1], where I0 and I are the emission intensities at zero oxygen and oxygen partial pressure pO2, respectively, and 
KSV is the Stern-Volmer quenching constant:  

I0

I
!1= KSV pO2  (1)  

Our sensors use phosphorescent platinum octaethylporphyrin ketone (PtOEPK) [2] as the oxygen-sensitive indicator 
molecule, encapsulated in thin spin-cast polystyrene films. Because common photoresist solvents, developers, and re-
movers attack the polystyrene matrix of the sensor, traditional photolithography or e-beam lithography cannot be used to 
pattern these types of sensor films without the use of a pinhole-free metal etch mask [3, 4], which necessitates a multi-
step process.  Other methods previously presented for fabricating these types of sensors include the use of polydime-
thylsiloxane (PDMS) etch stamps [5] and hot embossing into an ethylene-vinyl-alcohol (EVOH)/PDMS double-layer [6].   
Although the PDMS stamp method is a single-step process employing a reusable stamp, fidelity of pattern transfer was 
highly dependent on the type of plasma etcher and etch parameters used.   

We present a simple, alternative fabrication method that can be used to pattern such solvent-incompatible materials.
PVA has been previously demonstrated as a masking layer used while patterning biomolecules using photolithography to 
prevent the photoresist from coming into direct contact with the biomolecules [7].  Similarly, a lift-off process using a 
PVA/SU-8 bilayer has been demonstrated for the fabrication of organic thin-film transistors [8], and PVA has also been 
demonstrated as an SU-8 structure release layer for MEMS applications [9].  While these methods are capable of very 
high resolution features, they require photolithographic processing of each substrate.  Because many of the applications 
of microfluidic and lab-on-a-chip devices necessitate inexpensive single-use devices, minimal processing to fabricate
each sample is an advantage.  Our method is faster, easier, and less expensive than the photolithographic methods, and 
presents a promising alternative for applications where the resolution is less important than the speed and cost. 

 
EXPERIMENTAL  

Figure 1 presents the fabrication process flow for the process applied to the fabrication of optical oxygen sensors.  
We chose PVA for the etch mask material because it is water-soluble (and thus can be dissolved without damaging the 
sensor) and can be patterned in sufficiently thick films to serve as an etch mask.  We demonstrate a manual dispensing 
method, using a syringe and micromanipulator stage; however, the PVA could also be deposited using a 3D or multi-
layer inkjet printer.  
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Figure 1.  Oxygen sensor fabrication process using a PVA etch mask.  (a) Sensor film spin.  (b) Patterning of 10% (w/w) 
solution of PVA in water. (c) Exposure to oxygen plasma (Technics Planar Etcher II, P=400 mTorr and P=160W, t=12 
minutes).  We measure average etch rates of 90 nm/min for the PVA and 86 nm/min for the polystyrene. (d) PVA strip. 

Etch completion was verified with profilometry using a Dektak 150 profilometer and fluorescence microscopy using 
a Nikon TE2000U fluorescence microscope system.  A filter set for measuring the phosphorescence of the PtOEPK dye 
(Omega Optical 400AF30 bandpass excitation filter, 475DCLP longpass dichroic mirror, and 700ALP longpass emission 
filter) was used for the fluorescence microsopy characterization.  Oxygen sensor function after patterning using PVA 
etch masks was verified by calibration using three gaseous oxygen concentrations (0 atm, 0.21 atm, and 1 atm).  Briefly, 
the sensors were exposed to pure gaseous nitrogen, air, and oxygen and the sensors’ phosphorescence intensities were 
measured at each of these known oxygen concentrations.  The quenching characteristics of four separate oxygen patches 
were determined and averaged, with each patch being calculated on an average of 25 000 pixels.  

 
RESULTS AND DISCUSSION 

Figure 2 and Figure 3 present the phosphorescence sensor images and the profilometry results of the patterned sen-
sors, respectively.  The thickness uniformity of the PVA film does not have an effect on the patterning results, as long as 
the film had a minimum thickness large enough to withstand the oxygen plasma etching time required to etch the oxygen 
sensor film.   For our sensor film thickness of approximately 750 nm, we found that 5 µm of PVA was sufficient.   

 

 
Figure 2.  Phosphorescence images of patterned ox-
ygen sensor (a) lines, (b) larger patches, and (c) 
smaller patches, acquired using a fluorescence mi-
croscope. 

 
Figure 3.  Profilometry measurement of (top) PVA film before 
etching (red) and patterned sensor film after PVA strip (black), 
and (bottom) close-up of patterned sensor film after PVA strip, 
acquired using a Dektak 150 profilometer. 
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The sensor calibration conducted after patterning verified that the oxygen sensors remained functional.  The sensor per-
formance (shown in Figure 4) was found to demonstrate a linear Stern-Volmer quenching relationship, as was expected 
from Equation 1 and observed in the sensor films before the patterning process. 
 

 
Figure 4.  Measured phosphorescence quenching behavior of patterned optical oxygen sensors (blue datapoints), fit to 
the Stern-Volmer relationship shown in Equation 1 (red dotted line).  The patterned sensors exhibited linear quenching 
behavior with an unquenched intensity (I0) of 157 and a quenching constant (KSV) of 15.7(3) atm-1. 

CONCLUSION 
We have demonstrated a simple method for micropatterning solvent-incompatible thin films using direct-deposition 

of a water-soluble PVA etch mask, and we have validated this process by micropatterning a polymer optical oxygen sen-
sor film.  The process could also be a convenient method for patterning other polymers or even biomolecules, for appli-
cations in lab-on-a-chip and other systems. 
 
ACKNOWLEDGEMENTS 

We would like to thank Dr. Mario Beaudoin, Dr. Ali Ahmadi, John Berring, Daljeet Chahal, and Jonas Flueckiger for 
useful discussions regarding the fabrication process and patterning of PVA.  We are also grateful to CMC Microsystems 
for financial assistance in carrying out the fabrication described in this paper, and NSERC and CIHR for project and 
graduate funding 

 
REFERENCES 
[1] O. Stern and M. Volmer, "The fading time of fluorescence," Physikalische Zeitschrift, vol. 20, pp. 183-188, 

1919. 
[2] D. B. Papkovsky, G. V. Ponomarev, and O. S. Wolfbeis, "Longwave luminescent porphyrin probes," 

Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy, vol. 52, pp. 1629-1638, Nov 15 1996. 
[3] V. Nock, L. M. Murray, M. M. Alkaisi, and R. J. Blaikie, "Patterning of polymer-encapsulated optical oxygen 

sensors by electron beam lithography," in Nanoscience and Nanotechnology (ICONN), 2010 International 
Conference on, 2010, pp. 237-240. 

[4] V. Nock, M. Alkaisi, and R. J. Blaikie, "Photolithographic patterning of polymer-encapsulated optical oxygen 
sensors," Microelectronic Engineering, vol. 87, pp. 814-816, 2010. 

[5] V. Nock, R. J. Blaikie, and T. David, "Patterning, integration and characterisation of polymer optical oxygen 
sensors for microfluidic devices," Lab on a chip, vol. 8, pp. 1300-1307, 2008. 

[6] M. T. Kojima, H. Akagi, T. Shiono, H. Ichiki, T., "Attachable/Detachable Oxygen Sensor Microarray Sheet for 
In Situ Measurement of Cultivated Cell's Oxygen Consumption," presented at the The 15th International 
Conference on Miniaturized Systems for Chemistry and Life Sciences, Seattle, USA, 2011. 

[7] L. Wang, L. Lei, X. F. Ni, J. Shi, and Y. Chen, "Patterning bio-molecules for cell attachment at single cell levels 
in PDMS microfluidic chips," Microelectronic Engineering, vol. 86, pp. 1462-1464, Apr-Jun 2009. 

[8] S. Jung, Y. G. Choo, and T. Ji, "Lift-Off Photolithographic Top-Contact OTFTs Using a Bilayer of PVA and 
SU8," Ieee Electron Device Letters, vol. 33, pp. 603-605, Apr 2012. 

[9] K. A. Addae-Mensah, R. S. Reiserer, and J. P. Wikswo, "Poly(vinyl alcohol) as a structure release layer for the 
microfabrication of polymer composite structures," Journal of Micromechanics and Microengineering, vol. 17, 
pp. N41-N46, Jul 2007. 

 
 

CONTACT 
*Samantha M. Grist; sgrist@ece.ubc.ca 
 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

5

10

15

Oxygen Partial Pressure (atm)

I 0/I−
1

Measured sensor response, with I0 = 156.583, I0/I100 = 15.7(3)

 

 

Measured Data

Fit to Stern−Volmer Relationship with slope = 15.7(3) atm−1

 670



A PHOTODEGRADABLE HYDROGEL SHEET FOR MICROSCALE 
OPTICAL CONTROL OF CELL ADHESION AND DETACHMENT  

Shinji Sugiura, Toshiyuki Takagi, Manae Yamaguchi, Kimio Sumaru, and Toshiyuki Kanamori 
Research Center for Stem Cell Engineering, National Institute of Advanced Industrial Science and Technology 

(AIST), Japan 

ABSTRACT 
    Control of cell adhesion and detachment on the micrometer scale is an important issue for understanding 
cell-substrate or cell-cell interaction. We synthesized a photocleavable crosslinker, which composed of hydrophilic 
poly(ethylene glycol) (PEG), photocleavable nitrobenzyl groups and amine-reactive N-hydroxysuccinimide ester 
groups. The photocleavable crosslinker forms a photodegradable hydrogel sheet in culture dishes through reaction 
with amino-terminated four-arm PEG. The formed hydrogel sheet was degraded upon UV light irradiation. Optical 
two-dimensional cell manipulation methods, including cell micropatterning and local cell detachment, were 
successfully demonstrated by means of computer-controlled micropatterned light irradiation on this photodegradable 
hydrogel sheet. 

KEYWORDS 
Photodegradable hydrogel, Cell adhesion, Cell micropatterning, Optical cell manipulation, Local cell detachment 

INTRODUCTION
Light irradiation can be applied to an 

object locally and instantaneously in a 
non-contact manner, and therefore light 
irradiation can be used as a more versatile 
micrometer-scale cell manipulation 
technique than many other techniques, 
including microcontact printing,[1, 2] inkjet 
printing,[3, 4] microfluidic patterning,[5-7] 
electrochemical patterning[8, 9]  and 
optical tweezers.[10] Recently, we and other 
research groups have developed cell 
micropatterning methods using 
photoresponsive surfaces.[11-16] In these 
methods, the thin layers (typically nanometer 
scale) of photoresponsive compounds, 
containing nitrobenzyl groups, azobenzenes, 
or spirobenzopyrenes, are formed on the 
substrates. The chemical properties of the 
photoresponsive compounds change in 
response to light irradiation, and cells 
attaches to the irradiated area. Combining 
with micropatterned light irradiation system, 
stepwise micropatterning of multiple cells is 
also achieved.[17, 18]   

However, there have been no reports to 
date that describe techniques to induce cell 
detachment from the photoresponsive 
surfaces by light irradiation; the extracellular 
matrix (ECM) produced by the attached cells 
strongly support the cell adhesion and the 
approach to use the nanometer-scale layer of 
the photoresponsive compounds does not 
work to induce cell detachment. Currently, 
local cell detachment in response to light 
irradiation is desired to realize versatile 
spatiotemporal cell manipulation techniques, 
such as cell separation, and dynamic 
rearrangement of micropattern.  

In this study, we formed a 
micrometer-scale layer of a photodegradable 
hydrogel sheet on the surface of culture 
dishes using a newly synthesized 

Figure 1. Synthesis and degradation of the photodegradable 
hydrogel. 

Figure 2. Schematic of optical cell manipulation on the 
photodegradable hydrogel sheet. (a) Cell micropatterning by means 
of micropatterned light irradiation on a cell-nonadhesive 
photodegradable hydrogel sheet. (b) Collection of target cells by 
means of local light irradiation on a cell-adhesive photodegradable 
hydrogel sheet. 
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photocleavable crosslinker. The photocleavable 
crosslinker also enabled modification of the biologically 
inactive photodegradable hydrogel with a functional 
ECM protein. By this approach, we applied the 
photodegradable hydrogel both to cell micropatterning 
and to local cell detachment.  

 
EXPERIMENT 

We synthesized a photocleavable crosslinker that 
composed of the following functional groups (Figure 1): 
(i) poly(ethylenegrycole) (MW: 560) as a water-soluble 
main polymer chain; (ii) nitrobenzyl groups, which are 
cleavable in response to UV light irradiation; and (iii) 
N-hydroxysuccinimide (NHS) ester groups, which react 
with primary amine groups and form peptide bonds under 
physiological conditions. The synthesized photocleavable 
crosslinker forms photodegradable hydrogels through its 
reaction with a variety of polymers possessing amino or 
hydroxyl groups. In a typical preparation, 
photodegradable hydrogels were formed by reacting the 
photocleavable crosslinker with amino-terminated 
four-arm-PEG (amino-4armPEG; MW: 10,000 Da) at a 
molar ratio of 2:1 (Figure 1). 

Figure 2 show the mechanism of cell micropatterning 
and local cell detachment by means of micropatterned 
light irradiation of the photodegradable hydrogel sheet. 
For cell micropatterning (Fig. 2a), a cell non-adhesive 
photodegradable hydrogel sheet was formed in a tissue 
culture polystyrene (TCPS) dish. After micro-patterned 
light irradiation, the cells adhered to the exposed TCPS 
surface in the irradiated area. For local cell detachment 
(Fig. 2b), the surface of the photodegradable hydrogel 
was modified with fibronectin. After the cells attachment 
on the fibronectin-modified photodegradable hydrogel 
sheet and local light irradiation, the cells in the irradiated 
area detached from the hydrogel surface (Figure 2b). 
 
RESULTS AND DISCUSSION 

Absorbance spectra of the photocleavable crosslinkers 
were measured under UV light irradiation (Fig. 3). 
Cleavage of the photocleavable crosslinker occurred after 
40 s of irradiation (600 mJ/cm2) was evidenced by an 
increase in the absorbance at 390 nm. Further degradation 
of the photocleavable crosslinker was observed after 600 
s of irradiation (9000 mJ/cm2), as evidenced by a 
decrease in absorbance at 365 and 390 nm.  

The formed photodegradable hydrogels were swelled 
in aqueous solution but not solubilized in water (Figure 4, 
left), and were degraded into a yellow solution upon UV 
light irradiation (Figure 4, right). The UV light irradiation induced the cleavage of the nitrobenzyl group; water 
soluble compounds, four-arm-PEG derivatives and PEG derivatives, were formed. 

For cell micropatterning, micropatterned UV light (365 nm, 60 mW/cm2) was irradiated for 5 s on the cell 
nonadhesive photodegradable hydrogel sheet (Fig. 5, left panel).After washing with PBS, Chinese hamster ovary 
(CHO) cells were seeded on the irradiated dishes. After 2 days of cultivation in the irradiated dishes, the CHO cells 
grew on the exposed tissue culture polystyrene surface in the irradiated areas, and a pattern of cells identical with the 
irradiated micropattern was formed (Figure 5, right).  

In order to demonstrate local cell detachment, the surface of the photodegradable hydrogel sheet was modified 
with ECM protein, fibronectin. The fibronectin reacted with the NHS moieties in the photocleavable crosslinker to 
be immobilized on the surface of the photodegradable hydrogel sheet. CHO cells were cultivated on the 
fibronectin-modified photodegradable hydrogel sheet. For local cell detachment, focused UV light (365 nm, 60 
mW/cm2) was irradiated for 15 s on a target colony of CHO cells on the fibronectin-modified photodegradable 
hydrogel sheet (Fig. 6, left). The cells in the irradiated area detached from the substrate within 3 min after the 
irradiation (Fig. 6, right). 

Figure 5.  Cell micropatterning by micropatterned 
light irradiation on a cell-nonadhesive 
photodegradable hydrogel sheet. (a) Irradiated 
pattern. (b) Cells attached on the irradiated area. 

Figure 3. Absorption spectra of a 0.01 wt% solution of 
the photocleavable crosslinker under UV light 
irradiation (365 nm, 15 mW/cm2). 

Figure 4. Degradation of the photodegradable 
hydrogel under UV light irradiation (365 nm, 100 
mW/cm2). 

Figure 6. Local cell detachment by local light 
irradiation on a cell-adhesive photodegradable 
hydrogel sheet. (a) Irradiated pattern. (b) Cells in 
irradiated area detached from the surface. 
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CONCLUSIONS 

In summary, a photocleavable crosslinker was synthesized, and photodegradable hydrogel sheet was formed by 
reacting the photocleavable crosslinker with amino-4armPEG. These hydrogels were successfully applied optical 
control of cell adhesion and detachment. Optical cell manipulation strategies enables cell adhesion control in a 
spatially and temporally controlled manner, and are promising for applications in a variety of research fields. 
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COMPLEX MODULUS OF PDMS AND ITS APPLICATION IN                                         
CELLULAR FORCE MEASUREMES

Ping Du1, Chen Cheng2, Hongbing Lu2, Xin Zhang1
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ABSTRACT
    Cellular contraction is often accompanied by oscillatory motion of several Hz. Accurate force measurement 
using Polydimethylsiloxane (PDMS) micropillar based bio-transducers calls for the appropriate material 
characterization of PDMS in the frequency domain. In this work, the complex modulus of PDMS was measured 
using a dynamic nanoindentation technique. An improved method was developed to extract the complex modulus 
with the use of a flat punch indenter. The material properties of PDMS were further incorporated into a finite 
element model (FEM) to simulate the contraction force of cardiac myocytes. 
 
KEYWORDS
Cardiac myocyte, cellular force, PDMS, micropillar, nanoindentation; Euler beam, Timoshenko beam, viscoelastic, 
complex modulus, frequency domain, Fourier series, Finite element analysis.  

 
INTRODUCTION

Recently there is an increasing interest to use PDMS based micropillars as bio-transducers for cellular forces 
measurements due to their exceptional sensitivity (Fig. 1). The accuracy of these devices relies on appropriate 
material characterization of PDMS and modeling to convert the micropillar deformations into the corresponding 
forces. PDMS exhibits inherent viscoelastic behavior, which should be taken into account for accurate force 
conversion [1]. 

Cells often involve in cyclic motion, in which the viscoelastic properties in the frequency domain are needed for 
accurate force calculation. With the development of both instrumented nanoindentation and the associated analysis, 
dynamic nanoindentation has recently been used to characterize the viscoelastic properties of soft materials in the 
frequency domain. However, the accuracy of this measurement technique depends highly on the accurate 
characterizations of the dynamic response of the measurement system, the nanoindenter tip geometry, and an 
appropriate model for extracting the viscoelastic properties of a material. Herbert et al. used a single Voigt solid (a 
spring and a dashpot connected in parallel), which did not permit an instantaneous elastic response and finite contact 
damping [2]. Wright and Nix improved the method by modeling the sample as a standard linear solid [3]. The model 
incorporated only one relaxation time, therefore it is not sufficient to capture more complex viscoelastic behavior. 
The results for the storage and loss moduli as computed by the two methods were close to each other, with a 
difference of only ~3%. In this work, an improved model for complex modulus extraction was developed for the flat 
punch indenter. A general formulation is given so that this approach is applicable to all linear viscoelastic materials, 
thus removing all the constraints imposed by the previous methods. The complex modulus of PDMS measured at 
small scale will allow for more accurate cellular force measurements in the frequency domain. 

 

 
Fig.1: (a) Schematic illustration of PDMS micropillar-based cellular force transducer. (b) Scanning electron 
microscope (SEM) micrographs of high density micropillar arrays. 

 
EXPERIMENT

PDMS samples were prepared by mixing the prepolymer Sylgard 184 (Dow Corning) with a curing agent at a 
volume ratio of 10:1, followed by degassing, and thermal curing at 65 ºC for 90 min. The DNT tests were conducted 
on a G200 Nanoindenter system (Agilent), using a sapphire flat cylindrical punch indenter (Micro Star Tech.) with a 
diameter of 2.01 mm. The frequencies of the harmonic load were in the range of 1~45 Hz. The harmonic load was 
controlled such that the resulting amplitude of oscillatory displacement was maintained at 50 nm. 

We developed an improved model to extract the complex modulus without involving constitutive model of 
material. The viscoelastic behavior under a time-harmonic loading condition was analyzed using a hereditary 
integral operator [1]. After some lengthy derivations, the resulting storage modulus E’ and loss modulus E” can be 
obtained from the magnitude and phase information of input harmonic force and output displacement. 

Cell

PDMS 
micropillars

(a)

2 m

(b)
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where 𝜈 is the Poisson’s ratio of the test material, R is the radius of indenter, Δ𝑃0 is the amplitude of harmonic 
load, Δℎ0 is the amplitude of harmonic displacement, and 𝜙 is the phase between the load and displacement. The 
expression essentially agrees with Herbert et al.’s formulas in the case of the circular flat punch indenter [2]. The 
advantage of our method is that there is no linear constitutive model used in derivation, therefore the 
frequency-dependent viscoelastic behavior is precisely captured without assumptions. Since flat punch indenter tip is 
used in this work, the measurement results are sensitive to the mounting conditions associated with the small angle 
between the tip end and the sample surface. Therefore it is important to identify the full contact region. It is seen that 
pre-compression depth has a strong effect on the storage modulus. At small depths (2.5 - 20 m), the partial contact 
due to the tip tilting results in the lower modulus; at larger depths (70 - 100 m), the increase is most likely induced 
by the large strain applied on the PDMS which violates the small deformation assumption in linear viscoelasticity. 
The modulus in the vicinity of 50 m depth is comparable to previous report by Conte and Jardret [4], and our own 
measurement in the time domain [1]. Therefore we conclude that this is the “full contact” region for the 2.01 mm 
diameter flat punch indenter tip. 

 

 
Fig. 2: Frequency-dependent (a) storage modulus and (b) loss factor of PDMS under various pre-compressions. 
 

 
 
The complex modulus data measured at discrete frequencies can be interpolated to a frequency-dependent 

function using the generalized Maxwell model 

𝐸(𝑡) = 𝐸∞ + ∑ 𝐸𝑗𝑒−𝜆𝑗𝑡

𝑁

𝑗=1

 (2) 

where 𝐸∞, Ej are relaxation coefficients, j are the reciprocals of relaxation times (j) and N is the number of 
exponential terms in the Prony series. Using the half-sided Fourier transform, the complex modulus E() can be 
obtained from the relaxation modulus E(t) 
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Fig. 3: The experimental data (marker with errorbar) and 
generalized Maxwell model fitting (dashed lines) for both the 
storage modulus and loss factor. 
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Table 1: Fitting parameters for the generalized 
Maxwell model of the complex modulus 

j (sec) j (Hz) Ej (kPa) 
10 0.1 2.2×10-11 

1 1 18.4 
0.1 10 94.1 

0.01 100 119.1 
0.001 1000 742.3 
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Nonlinear least squares curve fitting method was performed to obtain the coefficients and relaxation times using 
both the storage modulus and loss factor. The fitting results are plotted in Fig. 3 and Table 1. 

 
DISCUSSION 

The complex modulus of PDMS was further incorporated into FEM to calculate the cellular contraction force. 
The cellular contraction displacements from Zhao and Zhang’s previous testing on cardiac myocytes were used [5]. 
Since the cells responded to the isoproterenol perfusion very strongly, we chose 3 min and 7 min after the 
stimulation as two cases. The regularly periodic contraction was converted to Fourier series, and the interpolations 
agree well with the experimental data. 

The cellular force was simulated by FEM using ABAQUS. The enlarged root and notched sidewall of micropillar 
was modeled using 3D elements C3D10. The Fourier series of displacement and complex modulus from previous 
analysis were incorporated into the FEM. The calculated forces are plotted in Fig. 4. The force responses follow the 
similar cyclic patterns as the contraction displacements. The magnitude of forces for 3 min and 7 min cases are 15.9 
nN and 10.8 nN, respectively. These values are significantly less (approximately 75%) than the calculated forces 
from Zhao and Zhang’s report. Based on these results, it is seen that the effects of viscoelastic properties and 
appropriate beam model are very important in the calculation of cellular contraction forces using PDMS micropillar 
sensor arrays. The advantage of FEA analysis is that it can seamlessly incorporate the complex material properties, 
structure geometry and boundary conditions, thus providing accurate results on the cellular contraction forces.  

 

 
Fig. 4: Displacement (red dashed-line) and force (blue dash-dot line) curves for both (a) 3 min and (b) 7 min cases. 
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RAPID PERMANENT HYDROPHILIC AND HYDROPHOBIC PATTERNING 
OF POLYMER SURFACES VIA OFF-STOICHIOMETRY THIOL-ENE 

(OSTE) PHOTOGRAFTING 

C.F Carlborg, F. Moraga, F. Saharil, W. van der Wijngaart and T. Haraldsson
Microsystem Technology Lab, KTH Royal Institute of Technology, Sweden 

 
ABSTRACT 
 In this work we have developed a simple and robust method to permanently pattern alternating hydrophobic and 
hydrophilic surfaces in off-stoichiometry thiol-ene (OSTE) polymer microchannels. By being able to tune the number of 
unreacted thiol surface groups of the OSTE Thiol polymers and by taking advantage of spatially photo-controlled surface 
grafting of methacrylate monomers we achieve defined areas with contact angles from 20° to 115° within one single 
channel. The surface modification remains stable after storage in air (>2 months) or water (>24h). 
 
KEYWORDS 
Rapid prototyping, surface modification, off-stoichiometry thiol-enes, OSTE, contact angles 
 
INTRODUCTION 

The precise control of surface wetting properties is essential in microfluidics to manipulate and control liquid flow [1-
2]. All microfluidic materials used today suffer from cumbersome surface modification protocols that involve: 1) surface 
activation (often via plasma treatment and/or silanization); and 2) chemical reactions between activated surface groups 
and a modifying functional molecule. Surface wetting modifications through plasma treatment of PDMS [3], or using 
localized deposition of a thin layer of fluorocarbon based polymer [4], are known to be short-lived and vary several tens 
of degrees in contact angle during storage or when in prolonged contact with water. Furthermore, many activation 
protocols are diffusion controlled, leading to uneven surface coatings in high aspect ratio features, such as deep 
microchannels [5]. Therefore, simplifying and improving surface modification protocols is imperative for both rapid 
prototyping and for mass fabrication of advanced microfluidic devices while simultaneously allowing for a long shelf 
life.  

We previously demonstrated the use of off-stoichiometry thiol-ene (OSTE) polymers in microfluidics, a family of 
polymers specifically designed for lab-on-chip applications [6,7]. Contrary to all other microfluidic materials, the OSTE 
polymers exhibit surfaces with a high density of active surface  groups without resorting to either plasma or silane 
treatment, which greatly simplifies surface modification while simultaneously enabling superior coating homogeneity. 
We previously showed a surface wetting modification protocol [6] for OSTE, but it required lengthy washing steps, poor 
predictability and contact angle variations were limited between 35° and 95°. 

In this work we introduce a robust, uncomplicated and precise method for surface wetting control on OSTE polymers 
by: 1) tuning the number of available active groups on the surface via control of the off-stoichiometry; 2) using the rapid 
radical mediated reaction of thiols with methacrylate monomers,  better stability and surface coverage than previously 
used chemistries is obtained. 
 
EXPERIMENTAL 
 
Substrate material and microfluidic channels 
 The OSTE polymers are rapidly micromolded by UV-curing on standard Teflon treated SU-8 or untreated PDMS 
masters. Depending on the prepolymer blend, the OSTE polymers exhibit varying amounts of unreacted surface groups 
after curing [6]. For the OSTE (off-stoichiometry thiol-ene) polymer substrates and microfluidic channels, we used 
commercial OSTEMER™ prepolymers (Mercene Labs AB, Sweden) provided with varying amounts of thiol excess (0%, 
10%, 25%, 50% and 90% off-stochiometry). The OSTEMER™ prepolymers were casted on PDMS masters and cured 
for 20 sec using a UV- lamp (12 mW/cm2, unfiltered NUV light,!LS307 1000W NUV light source, OAI, Milpitas, USA) 
(Fig 1, A). The microfluidic chips where produced by “click” bonding a flat lid of another blend of OSTE polymer 
exposing an excess of allyl groups after curing (30% excess of allyl instead of thiol). This dry, low temperature bonding 
process is described in details elsewhere [6,7,8]. 
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Figure 1: A) An OSTE-polymer with 90% thiol excess is UV-cast on a substrate and peeled off.  Large number of unreactive 
thiol groups are available on the surface that are subsequently used to B) pattern part of the surface hydrophobic by 
applying a toluene solution of fluorinated methacrylate and expose through an UV-mask. After washing with toluene C) the 
surface is rendered hydrophilic by immersion in a toluene solution of hydroxy methacrylate and flood exposed. After washing 
and drying, water droplets are applied on both the hydrophilic part (CA = 20˚) and hydrophobic (CA = 115˚) shows a CA 
difference of 95˚on the same surface. 

 
Surface modification method 

Fluorinated or hydroxylated methacrylate monomers render the surface hydrophobic or hydrophilic, respectively. 
Here, solutions of 5% w/w of either of heptadecafluorodecyl methacrylate or 2-hydroxyethyl methacrylate monomers 
(Sigma Aldrich AB, Sweden) dissolved in toluene with 2% w/w benzophenone (BP) initiator were applied on the OSTE 
substrates (Fig 1, B, C). The surfaces were subsequently exposed to UV through a stencil mask defining the areas to be 
modified (120s @ 12 mW/cm2), rinsed thoroughly in toluene and blow dried in a stream of nitrogen.  

Briefly, the surface modification process is initiated in unmasked UV exposed areas by conversion of the thiol into an 
active thiyl radical through hydrogen abstraction by benzophenone (BP). The thiyl quickly adds methacrylate monomers 
in a chain-wise polymerization process until the polymer chain is terminated, either via radical-radical coupling to: a) an 
adjacent growing polymer chain; or b) to the reaction product between BP and the thiol (a diphenyl ketyl radical). As the 
BP can only abstract hydrogen from the -SH group attached to the surface, the methacrylate will only graft from the 
surface resulting in a dense layer composed of linear methacrylate polymer chains.  

 

Figure 2: (A) An increasing off-
stoichiometry leads to a higher 
number of active thiol anchors 
on the surface as verified by 
XPS analysis. (B) After 
hydrophobic surface 
modification (see below) the 
OSTE samples with more thiol 
anchors have proportionally 
higher contact angles, from 68˚ 
(OSTE 0% - no thiol groups) to 
115˚ (OSTE 75% and OSTE 
90%) (right). 
 

 
Contact angle and XPS measurments 

The density of active surface thiol groups after curing was determined by first modifying the surface with 
allyltrifluoroacetate, a tri-fluorinated non-homopolymerizing monofunctional allyl molecule (to ensure only one 
molecule can attach per thiol) and subsequently measuring the fluorine signal with XPS. The signal was shown to be 
linear as a function of off-stoichiometry, i.e. the excess of thiol functionality in the prepolymer mix (Fig 2, left). 
Furthermore, the macroscopic contact angles of water droplets after the modification process was measured using a 
goniometer. The contact angle varied form 65° to 115° using the fluorinated methacrylate on OSTE with 0% to 90% thiol 
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excess and down to 20° using the hydroxylated methacrylate on OSTE with 90% thiol excess (Fig 2, right). The samples 
showed little or no apparent change in contact angle after submersion in water and toluene for 24h or accelerated thermal 
aging (85 °C for 24h) corresponding to ~3 months under ambient conditions (Fig 3: A,B).  

 
 

 
Figure 3: (A) The modified contact angle remained largely unchanged after preliminary accelerated aging test (85 ˚C for 24h 
= 3 months) as well as after (B) immersion in water (24h) or toluene (24h).   This demonstrate the robustness of the thiol 
methacrylate coupling as well as the stability of the OSTE polymers. (C) A H-channel demonstrating two areas of different 
wetting. The green colored water preferentially fills the channels modified with hydroxy methacrylate (hydrophilic) and do not 
want to enter the channels that are modified with the fluorinated methacrylate (hydrophobic). The rubbery mechanical 
properties of the  modified top layer (OSTEMER™ Thiol 90, E = 250 MPa) allows it to adhere leak tight to a harder 
OSTEMER™ Allyl 30 substrate. 
 

Application: modified microfluidic channels 
As a microfluidic demonstrator we patterned hydrophobic and hydrophilic zones in a branched microchannel in 

OSTEMER™ Thiol 90, fabricated using the soft lithography-like process described previously [6]. In the last step the 
channel layer was “click” bonded to a flat OSTE layer with allyl excess (OSTEMER™ Allyl 30) using an additional dose 
of UV [8]. The channels thus had three out of four walls modified. Water with a green water based colouring agent 
applied at the inlet filled the hydrophilic modified channels while avoiding the hydrophobic sections (Fig 3: C). 

 
CONCLUSION 

In this work we have shown that the surface wetting of OSTE polymers can be precisely controlled by modifying the 
off-stoichiometry, i.e. density of active surface thiol groups, and presented a powerful (95° tuning range), patternable 
(different wetting zones on one surface) and robust (stable for >24h in water and >3 month equivalents in air) surface 
modification method. We believe that this method, in combination with the attractive material and manufacturing 
properties of the OSTE polymers, will enable the research community to rapidly produce permanent surface 
modifications for flow control not currently possible.  
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MICROCHANNEL FABRICATION BY USE OF 
PHOTOACID-GENERATOR-TETHERED GEL 

Taku Satoh, Kimio Sumaru, Toshiyuki Takagi, Toshiyuki Kanamori 
National Institute of Advanced Industrial Science and Technology (AIST), Japan 

 
ABSTRACT 

We propose a novel method for microchannel fabrication achieved by a combination of a light responsive 
polymer gel and a micropatterned light irradiation. The gel was constituted of poly(N-isopropylacrylamide) 
(pNIPAAm) modified with blue-light responsive photoacid-generators (PAG). We found that light irradiation to the 
dry PAG gel resulted in a decrease in degree of swelling of the gel in water. We prepared PAG gel sheet, which 
covalently bound on a glass substrate, and irradiated it with blue light in a dry state. After swelling in water, we 
observed that the gel in the irradiated area was thinner than in the irradiated area. On the basis of the results we 
fabricated microchannels on the PAG gel sheet by means of prior patterned light irradiations and the subsequent 
swelling. 
 
KEYWORDS 
hydrogel, photoresponse, photoacid generator, mirochannel. 

 
INTRODUCTION 

Light-irradiation is one of suitable stimulation methods in the field of micro-scale devices, since it affects a target 
object remotely, locally, and accurately. Therefore, we have considered light-responsive materials as useful materials 
in the field of micro-devices. We previously showed that microchannels could be formed by use of a 
light-responsive spiropyran-modified hydrogel [1]. In the method the microchannels could be formed by volume 
changes of the gel resulted from the light irradiation. However, the spiropyran gels were only operated under acidic 
conditions, and required continuous irradiation to maintain the microchannel. The problems restrict application fields 
of the spiropyran gel microchannels. In the present study, we prepared another light responsive polymer gel to solve 
the above problems. The gel was constituted of pNIPAAm modified with blue-light responsive PAG (Figure 1). We 
evaluated volume changes of the PAG gel against light irradiation. Furthermore, we developed a novel system in 
which arbitrary microchannels can be fabricated simply by micropatterned light irradiation using the PAG gel.   

 
EXPERIMENT 

PAG monomer was prepared from a reported thioxanthone derivative and p-styrene sulfonyl chloride [2,3]. PAG 
gel was prepared as follows: PAG monomer (2.4 mg, 5.1 !mol), NIPAAm (54.0 mg, 477.2 !mol), MBAAm (3.9 mg, 
25.4 !mol), and AIBN (0.83 mg, 5.1 !mol) were dissolved in 1,4-dioxane (603 !L) and nitrogen gas was passed 
through the solution to exclude oxygen. The solution was filled into in a reaction chamber, which was composed of a 
glass disk (25 mm in diameter) previously coated with 3-(trimethylsilyl)propyl methacrylate, a polypropylene disk, 
and a 0.3-mm-thick polypropylene spacer (17 mm in i.d.), and reacted at 70 °C for 3 h. The resulting PAG gel sheet 
covalently bound on the glass disk was washed by soaking in methanol with several solvent-exchanges and then 
dried in air. 

A dry PAG gel bound on a glass dick was irradiated with blue-light peaked at 436 nm with an intensity of 14 
mW/cm2 by use of a computer-controlled micropattern projection system which was composed of an IX-71 inverted 
phase-contrast microscope (Olympus, Tokyo, Japan), a DESM-01 computer-controllable maskless micropattern 
projection unit (Engineering System Co., Matsumoto, Japan), a VB-7000 cooled CCD camera system (Keyence, 

 

 
 

Figure 2: An illustration of procedure for 
preparation of a PAG gel sheet. 

 

Figure 1: A chemical structure of poly(N- 
isopropylacrylamide) gel modified with a 
photoacid-generator (PAG). 
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Kyoto, Japan), and a computer [4]. 
A microfluidic chip was assembled from a glass disk attached with the dry PAG gel, a cap with inlet/outlet ports, 

and a polypropylene spacer (0.3 mm in thickness) and clamped with a specially designed holder. The gel in the chip 
was irradiated with blue-light with an intensity of 14 mW/cm2 in a prescribed pattern by use of the 
computer-controlled micropattern projection system. Water was filled in the chip and stored for 20 h at rt and then a 
suspension of red-colored latex beads (0.39 µm in diameter, 0.2 % (w/w), Duke Scientific Corp., Palo Alto, CA) was 
injected from an inlet port at 4.9 kPa. 

 
RESULTS AND DISCUSSION 

A PAG gel sheet was prepared in a mold of 0.3-mm-thickness as shown in Figure 2. One side of the mold was 
composed of a glass disk which had been functionalized with vinyl groups. Therefore, prepared gel was covalently 
bound onto the glass disk. Although drying of the gel caused its shrinkage, no remarkable length changes in the 
in-plane direction was observed because of the bonding. On the other hand, thickness of the gel significantly 
decreased by the drying. Dry gel pieces that were peeled from the glass disk soaked in water to result in reswelling 
in thickness direction. However, when the dry gel was irradiated with blue-light prior to soaking, the reswelling was 
remarkably suppressed (Figure 3). No volume changes were observed when the swollen gel was irradiated with blue 
light (data not shown). 

Scheme 1 showed possible reactions of the PAG in the gel under blue-light irradiation. The PAG was reported to 
be cleaved at N–O bonding by light irradiation and generates radicals first and then sulfonic acid (Path A) [3]. Path 
A should cause an increase in degree of swelling of the gel at light-irradiated area because of strong hydration at 
sulfonate groups. However, the opposite results were obtained in fact as shown in Figure 2. The results suggest 
another possible Path B was dominant in the irradiation of the gel in the dry state. 

Glass disk attached with the dry PAG gel sheet was assembled with a cap separated with a polypropylene spacer 
of 0.3 mm in thickness to provide a PAG gel chip (Figure 4). A microchannel pattern was irradiated with blue-light 
on the gel and then water was filled into the chip to swell the gel. Interspace between the glass disk and the cap was 
filled by swollen gel at unirradiated regions, whereas light-induced suppression of swelling at irradiated regions 
caused to remain unfilled space to make channel. Twenty hours after the water filling we injected a suspension of 
red-colored latex beads through an inlet port at 4.9 kPa and confirmed that the suspension flowed in a channel 
formed along irradiated pattern (Figure 5). No leaking of the suspension to contact face between the swollen gel and 
the cap was observed in microscope images, suggesting sufficient sealing of the channel under the pressure condition. 
The results demonstrated that microfluidic channel was easily fabricated by use of the PAG gel chip through 
processes of light-irradiation and water filling. 
 
CONCLUSIONS 

This method to fabricate microchannels in arbitrary pattern was easily carried out by means of blue-light 
irradiation and the subsequent water filling. The architecture developed in this study will make prototyping process 
of microfluidic system more easily and less expensive. 

 

 
 
 

 
 

Figure 3. Effects of blue-light irradiation on volume 
changes in reswelling of a PAG gel. (a and b) 
Microscopic images of the gel before and during 
irradiation. (c) Volume changes of the gel in water. 
Arrows indicate light-irradiated area. 

 

 
 
Scheme 1.  Possible reaction paths of the PAG in 
the gel. Path A generates a sulfonic acid group and 
Path B forms an additional crosslinking in the gel 
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Figure 4: Construction of a chip and mechanism of 
a microchannel formation. (a) Blue light irradiation 
to form additional crosslinking in a dry PAG gel. 
(b) The subsequent water filling to swell the gel. 
Since a degree of swelling at the light-irradiated 
regions is suppressed by the additional crosslinking, 
microchannels are formed as irradiated pattern. 

 

 

 

Figure 5: Fabrication of microchannels in a PAG 
gel chip. (a and b) Microscopic images of the gel 
before and during irradiation. (c and d) Images 
after swelling the gel and applying a red-colored 
latex suspension. Scale bars: 2 mm. 
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Figure 1a) BLMs can be formed using droplets 
contacting method. The solution of bellow 
droplet is exchanged with two microfluidic 
channels. b) Diagram of solution exchange 
device. A parylene with micropores was 
sandwiched between two chambers. The base 
has two fluidic channels ( square 500 mm on a 
side) for injection and withdrawing the solution.

Rapid Perfusion System for Inhibition Investigation of Membrane Proteins 
in Planar Lipid Bilayer 

Y. Tsuji1,3, R. Kawano1, T. Osaki1, K. Kamiya1, N. Miki1,3 and S. Takeuchi1,2 
1Kanagawa Academy of Science and Technology, Japan 

2Institute of Industrial Science, The University of Tokyo, Japan, 3Keio University, Japan 
 
ABSTRACT 
    This paper describes measurement system of membrane proteins with a rapid perfusion capability using 
microfluidic channels. In the previous report, we successfully recorded channel conductance of alpha-hemolysine 
(HL) in bilayer lipid membranes (BLMs) using droplets contacting method with PDWC (parylene double well 
chip). This method is one of the easiest ways for preparing the BLMs, just pipetting droplets of the solution. The 
drawback of the droplet-based systems is the incapability of exchanging solution. To efficiently test the effect of 
inhibitors and promoters of membrane proteins in drug discovery, the solution exchange is mandatory. In this study, 
we proposed the concept of solution exchange in the system using microfluidic channel. We demonstrated rapid 
perfusion that is capable of exchanging the solution within 20 s in this droplets contacting system. We 
experimentally evaluated the system in terms of the flow rate and the BLM stability and demonstrated the binding 
assay of a membrane protein using its blockers. We believe that this method is necessary for efficient drug screening 
in our droplet-based system. 
 
KEYWORDS 
Droplets contacting method, Parylene Double Well Chip, Bilayer Lipid Membranes, Solution Exchange  

 
INTRODUCTION 

Recently, a drug screening exploiting an artificial cell membrane has been extensively studied. This method is 
expected to reduce cost and measurement time compared to the live-cell-based screening. For more efficiency, 
various analyses using exchanging the solution on single chip are required1. Artificial BLM techniques are of great 
importance in membrane protein research or high-throughput drug screening. Hence, easy and stable BLMs 
formation methods are absolutely imperative. Extensive researchers have developed the methodology of the BLMs 
preparation. The first trial to form artificial cell membrane was done by M. Montal and P. Mueller in 19722. Since 
then, various methods have been invented3,4. However, these BLM formation techniques could not satisfy 
throughput and reproducibility required for drug screening and biological sensor applications. 

We proposed a rapid and simple BLMs forming process using droplets contacting method5 with PDWC6. BLMs 
are formed as follows; the PDWC is filled n-decane containing a phospholipid and two droplets of buffer solution are 
dropped into lipid solution in each well. A lipid monolayer forms at the interface between an aqueous droplet and the 
organic solution. When two monolayers contact each other, the BLM spontaneously forms at the interface of two 
contacting monolayers through the parylene micropores7,8 after several minutes. The parylene micropores prevent 
the two droplets from fusing each other. This method is advantageous over other methods in stability and 
reproducibility of BLMs. We investigated the long-term stability of BLMs formed with PDWC. BLMs containing 
membrane protein alamethicin  were maintained for 2 weeks. HL was reconstituted in PDWC at the yield of 76%6. 
For these advantages of high stability and reproducibility, we could array the PDWC with electrodes and reconstitute 
HL in parallel for multiple analysis in the previous work. 

While PDWC can produce BLMs stably at high throughput, 
it lacks the capacity to exchange buffer solution, that is, we 
investigate only some solution dispensed in the well before 
BLMs formation. PDWC with capability of adding or removing 
membrane proteins and inhibitors or promoters will greatly 
enhance the efficiency of experiments. In this paper we propose 
PDWC with microfluidic channels to exchange solutions. We 
experimentally verify the effectiveness of this system by 
observing the electrical signal of HL when its blockers are 
injected after forming BLM. 

 
DEVICE FABRICATION 

The solution is injected to a droplet from an inlet while the 
inner solution of the droplet is withdrawn at the same flow rate 
from the outlet. The solution exchange is performed with two 
syringe pump equipped out of the faraday cage. Droplet 
solution exchange can be gradually achieved through the 
microfluidic channel with keeping BLM stable (Figure 1a). 
Device fabrication process is as following; Chamber part: a 
fabricated parylene film which has five pores was sandwiched 
between PMMA films and separated the two round well. Base 
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Figure 2 Flow velocity distribution in the water 
droplet and fluidic channel simulated with 
simulated with simulation software COMSOOL. 
The arrows indicate the speed and the direction 
of the flow.

part: we integrated two microfluidic channels (square 500 m on a side) at the bottom of the PMMA chamber. These 
channels allow for the solution exchange. One of the channel works as the inlet and the other is the outlet. Ag/Cr was 
wired by vapor deposition and patterned on a PMMA plate as electrodes from the chambers to a patch-clamp 
amplifier for the electrical recording of channel proteins. Connecting: the chambers with parylene films and the 
wired plate with microfluidic channels were connected by thermocompression bonding for 20 minutes at 120 
degrees Celsius while applying a force of approximately 300 N. Finally, the bottoms of the chamber which contacts 
droplets were coated with Ag/AgCl paste for electrical measurement. Figure 1b shows the completed device. The 
advantages of this device include simple processes, high stability of BLMs, ease of electrical recording, and high 
signal-to-noise ratio in addition to solution exchange capacity. We have completed a platform for solution exchange 
of the droplet contacting lipid bilayer system. 
 
EXPERIMENT 

A hydrodynamic simulation in the droplet and microfluidic channels was performed by COMSOL (COMSOL, 
Sweden). We prepared the model imitated the PDWC equipped with microfluidic channels in the software and 
introduced the solution from the inlet at various flow rate (dilution species transport study mode). In particular, we 
simulated the flow velocity distribution, pressure distribution and shear velocity distribution. 

At bellow experiment described as follow, we used fluorescent solution (calcein, 5 M) for visualizing the 
solution exchange. This experiment was to observe the transition of the fluorescence intensity in the droplet at 
several injection flow rate. It makes known the relationship between the solution exchange time and the 
concentration of the desired solution. This experiment was carried out with single well chip (one well of the double 
well chip) equipped two microfluidic channels. 

We tested a solution exchange experiment with one chip using HL and its blocker with PDWC under the 
following condition. BLMs were initially formed using two buffer droplets which contain HL (0.3 mol protein/L 
in 1 M KCl buffer solution) and we monitored the channel conductance of HL at 50 mV applied. Then, s7CD 
solution (50 M) was added as the blocker after reconstituting HL channel at the trans-side for 20 seconds. After 
observing HL channel conductance and the current blocking events by s7CD molecules, the droplet was washed 
by exchanging the solution through the fluidic channel for 20 seconds. 
    
RESULT and DISCUSSION 

We decided the experimental condition such as the flow rate or the solution exchange time through simulating the 
flow velocity distribution in a droplet using COMSOL (Figure 2). We found that the flow effect hardly reaches at the 
bilayer formation area and the disturbance in a droplet was almost negligible. We also investigated the transition of 
the fluorescent intensity in a droplet. We estimated the relationship between the solution exchange time and the 
concentration of desired solution at each injection speed. In this double well system, BLMs were sometimes ruptured 
before the initial solution was fully exchanged. The reason may be a first impact by pump starting or some 
disturbance which doesn’t appear in COMSOL simulation. So, we optimized the injection speed would be 15 L/s if 
you wanted to exchange the solution at highest speed. 

We describe about the demonstration using membrane protein HL and its blocker s7CD9. HL is an exotoxin 
secreted by the bacterium Staphylococcus aureus and is polypeptide of 293 amino acids10. The monomers are 
considered to spontaneously assemble in the BLM and forms oligomeric cylindrical pores which is approximately 1- 
2 nm in internal diameter11. When voltage gradient is applied, the ion could flow through the pore and we can 
observe the protein channel conductance from HL. CD12,13 is a cyclic molecule with a hydrophobic cavity, 
comprising seven d-glucose units. When CD or other cyclodextrins like s7CD are lodged in the lumen of the HL 
pore, they alter the unitary conductance (from 658 pS to 240 pS in 1 M NaCl (pH 7.5)), which is observed as a 
reversible stepwise change in the signal, change the ionic 
selectivity and act as binding sites for channel blockers by 
contributing their host properties.14,15,16 CD is a neutral 
molecule on the other hand s7CD is the negatively charged 
molecule. The dwell time of s7CD is far greater than CD16. 
By using s7βCD, we can observe the blocking events more 
easily. So, we used s7CD instead of neutral CD. 

In this experiment, the channel conductance was observed 
by path clamp amplifier at first. Then, one of the droplets was 
transposed to s7CD solution as the blocker. Then the blocking 
current was observed, verifying that s7CD worked as the 
blocker, and the blocker solution was washed up with pure 
buffer solution and no more blocking was observed. It indicated 
that s7CD molecules were fully removed from the droplet and 
replaced with pure buffer solution. 
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CONCLUSION 
   Owning to investigating the flow velocity distribution and real impact or disturbance which occurs when pumps 
are running, we could optimize the solution injection speed. We succeeded in exchanging the solution in a droplet 
with maintaining BLMs stable. Membrane protein and its blocker (s7CD) were successfully introduced into the 
chamber and then s7CD was removed from droplet after observing the blocking events in the one chip. 
The rapid perfusion demonstrated equipped with the PDWC can be readily applicable to high-throughput drug 
screening and other biological researches. 
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ABSTRACT 
   A polyimide microfluidic chip was developed for X-ray scattering applications based on a reliable and 
inexpensive lamination process. The device has been characterized in terms of bonding resistance and X-ray 
scattering and transmission. The microfluidic chip will be used to study protein conformational changes under 
controlled shear stress conditions which could play a role in human microcirculation. 

KEYWORDS 
Polyimide chips, lamination, X-ray analysis. 

 
INTRODUCTION 
The study of early stages of reaction kinetics is challenging for many applications such as protein binding, folding, 
and structural changes of biomolecules [1, 2]. Microfluidics combined with X-ray scattering techniques allows 
probing minute amount of samples at a small time scale and is a promising candidate for such applications. Our aim 
was to develop a highly X-ray transparent microfluidic chip for detecting small variations of X-ray scattering during 
reaction kinetics. The fabrication process should be simple and the chip geometry easily changeable. 

EXPERIMENT 
A picture of the device is shown in Figure 1A. A 13m thick polyimide (PI) film with a high X-ray transmission [3] 
was punched to create inlets and outlets. It was then laminated on a 50m thick photosensible dry resist layer (PR) at 
a temperature of 120°C. The laminated PR was aligned by photolithography under a mask, exposed for 30 s under 
UV light and developed to reproduce the microfluidic layout. Finally, a PI-cover was laminated on top of the other 
layers to seal the device. The device was interconnected to a syringe pump by a frame. It was shown to be leak tight 
up to a pressure of 0.97bar.  
 

            
 
Figure 1: A: Top-view of the microfluidic device which has an overall length of about 70 mm and zoom-in of the 
channel cross section. B: Installation of the microfluidic cell frame on the ID13 beamline of the European 
Synchrotron Radiation Facility. 
 
The microfluidic device was characterized by X-ray microbeam scattering at the ID13 beamline of the European 
Synchrotron Radiation Facility using an about 1 m diameter monochromatic beam at a wavelength of about 1 Å 
(Figure 1B).  
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Figure 3: A: Variation of X-ray transmission across the empty (open circles) and water-filled (full circles) device. 

The PI+PR transmission of the empty cell is lower than the PI transmission. The center of the empty channels is 

indicated by grey arrows and the center of the PR-filled stripes by dark arrows. (Kapton is a brand name for PI). B: 

Above: difference diffraction pattern of PI+PR minus PI+water. The PR-peak has been fitted by a Gaussian profile. 

The red part has not been included in the fit: Below: pattern obtained after subtraction of the fitted peak. 

(Q=4sin,  is the Bragg angle,  the wavelength) 

 
The X-ray transmission of the empty and water-filled chip was probed by raster-scans using a photodiode detector 
(Figure 3A). The periodic variation in X-ray transmission of the empty chip reflects the succession of less absorbing 
PI and more absorbing PI+PR layers in agreement with the device structure. The additional water absorption of the 
water-filled chip results in practically the same density as for the PI+PR layers and suppresses the periodic X-ray 
transmission variation. A residual nonperiodic X-ray transmission modulation across the water-filled cell reveals 
small local variations of the thickness of the absorbing components. 
We obtained X-ray diffraction pattern from the water-filled cell in transmission geometry by using a CCD with 
X-ray converter screen.  
 
RESULTS 

The azimuthally integrated difference diffraction pattern of PR+PI minus PI+water scattering shows a residual peak 
due to PR-scattering and a negative peak due to water. The PR-peak can be fitted by a Gaussian profile. (Figure 3B, 
top). The difference pattern obtained after subtraction of the fitted peak shows a clean baseline at the PR-peak 
position (Figure 3B, below).  
The fitted PR-peak can be accurately subtracted from the PI+PR scattering to obtain the pure PI scattering. The 
scattering patterns of PI+water and PI+PR is shown in Figures 5A,B. The patterns are dominated by narrow PI 
Bragg peaks and broad diffuse peaks due to PI, PR and water scattering. The corresponding azimuthally integrated 
patterns are shown in Figures 5B,C. The fitted PR-scattering from Figure 4 is included in Figure 5D. The pure PI 
scattering shows a mixture of narrow Bragg peaks and broad diffuse scattering characteristic for a semicrystalline 
polymer (Figure 5E). Finally, the subtraction of polyimide scattering from the PI+water scattering (Figure 5C) 
reveals the diffuse water scattering in the chip (Figure 5F). 
 
CONCLUSIONS 

The microfluidic device shows a high X-ray transmission and the residual X-ray scattering from the PI windows 
can be subtracted with a high precision. Reaction processes involving small scattering signals could thus be well 
studied. The X-ray transmission can be further increased by thinning the polyimide film. The simple fabrication 
process allows an easy modification of the device geometry. 
 

ACKNOWLEDGEMENTS  
This work was partially supported by the project FIRB “ Rete Nazionale di Ricerca sulle Nanoscienze ItalNanoNet” 
(cod. RBPR05JH2P_010, CUP B41J09000110005) and the project PON “Nuove strategie nanotecnologiche per la 
messa a punto di farmaci e presidi diagnostici diretti verso cellule cancerose circolanti.” (cod. PON01_02782) 
granted to the nanotechnology laboratory of the Department of Experimental Medicine of the University “Magna 
Graecia” of Catanzaro.  
 
 
 

A) B) 

 687



 

 
Figure 5: A, B: PI+water and PI+PR scattering; C,D: azimuthally integrated PI+water and PI+PR scattering. The 

barred curve is the fitted PR-scattering from Fig. 4,above. E: PI scattering obtained by subtracting the 

PR-scattering from the PI+PR scattering in D. F: water scattering obtained by subtracting (E) from (C). (Kapton is 

a brand name for PI) 
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ABSTRACT 

Sealing is a critical process for obtaining closed microchannels in the manufacture of polymer 
microfluidic devices. A new thermal bonding method using a pressure-assisted boiling point (PABP) control 
system was developed and tested. The PABP system is able to apply precise temperatures and pressures 
during bonding. The PABP system was used to seal very low aspect ratio (AR) microchannels (AR >= 1:100) 
and three-dimensionally (3D) shaped flexible polymer micro channels. 
 
KEYWORDS: Thermal Bonding, Thermoplastic Fusion Bonding, Polymer Sealing, Lab-on-a-Foil 
 
INTRODUCTION 

Thermal fusion bonding (TFB) is a relatively easy, simple technique that is widely used for covering 
microfluidic channels. However, precise control of the bonding conditions is necessary to avoid channel 
deformation [1].  
 
EXPERIMENTAL METHODS 

Figure 1 shows a schematic of the PABP system. Multiple polymer devices were inserted into a polymer 
bag (Foodsaver T150-00011-002, Sunbeam Products, Neosho, MO, USA) sandwiched between glass plates to 
provide reference surfaces, to isolate the devices from the water and immersed in the water-filled pressure 
chamber. The polymer sealing bag was connected to ambient air through a vent tube. A pressure relief valve 
on the pressure tube was used to manually manipulate the vapor pressure and to control the boiling point in the 
pressure chamber. Figure 2 shows the relationship between pressure and boiling point of water. The PABP 
system provided precise temperature control and generated uniform pressures by using boiling water to 
produce constant surface temperatures and pressures.  

For the experiments, the targeted boiling temperature (105.5°C) was monitored using a K-type 
thermocouple (OMEGA Engineering, Inc., Stamford, Connecticut, USA) in the polymer bag and precisely 
controlled (± 0.1°C) by manually adjusting the relief valve. Multiple PMMA devices in the plastic bags were 
exposed to a temperature of 105.5°C ± 0.1°C for 15 minutes. Leakage, using food coloring, and rupture tests 
were used to assess the performance of the bonding method. 

 

 
Figure 1: Schematic drawing of boiling point control system. 

 
RESULTS AND DISCUSSION 

Table 1 compares the working pressures of previously reported bonding methods with the PABP system 
used in these experiments. Although, the applied pressure of 21 kPa was much lower than those reported for 
previous TFB procedures [2-4], no unbonded, deformed or collapsed functional structures were observed on 
the test components. Leakage tests revealed no leaks along the microfluidic channels, as shown in Figure 3. A 
representative cross-sectional view of a low aspect ratio (AR=1:100, Depth =10 µm and Width = 1000 µm) 
microfluidic channel is given in Figure 4. No deformation is present. The minimum rupture pressure measured, 
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using a gauge, was 496 kPa, which is substantially higher than the working pressures for typical microfluidic 
devices. Some devices failed at capillary connections at over 620 kPa without device failure or channel rupture. 
The rupture strengths of the devices tested were comparable to those previously reported with high 
temperature or high pressure for TFB of polymer microfluidic channels shown in Table 1. 

 
Figure 2: Pressure vs. boiling temperature using the Clausius-Clapeyron equation. Here, TB: boiling 
temperature at a given pressure [K], Tnb: the normal boiling point [K], R: ideal gas constant, 8.314 [J/K!mol], 
Pg: gauge pressure [Pa] and "Hvap: heat of vaporization of the liquid [J/mol]. 

As a further demonstration of the utility of the method, flexible 250 µm thick PMMA microfluidc devices 
were sealed with 250 µm thick PMMA cover slips using the PABP system. A representative 3D shaped 
flexible PMMA device and the associated leakage test are presented in Figure 5 (a) and (b). No leakage or 
clogging in the sealed devices was visible.  
 

Table 1. Bonding pressure and temperature for PMMA devices and resulting bond strength. 
 

 PABP Ref.[2] Ref. [3] Ref. [4] Ref. [5] 

Applied Pressure [MPa] 0.021 1.225 0.020 1 - 3 - 

Applied Temperature [°C] 105.5 135 165 95 140 

Bond Strength [MPa] 0.5 1.6 2.15 0.35 2.5 - 5 
 
CONCLUSIONS 

The PABP system is amenable to scaling up for mass production, since the size of the pressure chamber 
can be increased and multiple chips can be contained in a single polymer bag. The PABP system enables 
thermal fusion bonding of large area devices and can be applied to the sealing of structures patterned on 
flexible 3D polymer devices, double side patterned devices, or labs-on-a-foil [6].  

  
Figure 3: Sealing and leakage test of bonded 
microfluidic device using a red food dye diluted in 
water. 

Figure 4: Cross-sectional view of very low aspect ratio 
channel (AR = 1:100, Depth: 10 µm and Width: 1000 
µm). 
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    (a)     (b) 

Figure 5: Sealing of a 3D-shaped flexible micro channel; (a) formation of 3D shape and (b) leakage test of the 
PMMA sealed foil-on-a-chip (Arrow indicates food dye at the outlet). The flexible PMMA devices and cover 
slips were wrapped around a glass tube and inserted in the polymer sealing bag for sealing. 

 
ACKNOWLEDGEMENTS 

We thank the Department of Mechanical Engineering and the Roy O. Martin Lumber Company 
Professorship of Mechanical Engineering at Louisiana State University for support. The authors thank Mr. Jason 
Guy and Mr. Junseo Choi of the Center for Bio-Modular Multi-Scale Systems and the staff of the Center for 
Advanced Microstructures and Devices at Louisiana State University for brass mold fabrication, nano-imprinting, 
and microfabrication support, respectively. 
 
CONTACT 
*Michael C. Murphy, tel: +1-225-578-5921; murphy@me.lsu.edu 
 
REFERENCES: 
1. “Characterization of PMMA microfluidic channels and devices fabricated by hot embossing and sealed by 

direct bonding,” A. Mathur, et al., Current Applied Physics, 9, 1199 (2009). 
2. “Thermal bonding of PMMA: effect of polymer molecular weight,” N. Nayak, et al., Microsystem 

Technologies, 16, 487 (2010).  
3. “Low-pressure, high-temperature thermal bonding of polymeric microfluidic devices and their applicatons 

for electrophorestic separation,” Y. Sun, et al., J. Micromech. Microeng., 16, , 1681 (2006).  
4. “Study of PMMA thermal bonding,” X. Zhu, et. al., Microsystem Technologies, 13, 403 (2007). 
5. “Manufacturing Issues and Considerations in Thermal Bonding of Polymer Based Lab-on-a-chip,” Y. 

Koh, et al., Advanced Materials Research, 74, 175 (2009). 
6. "Thermoplastic fusion bonding using a pressure-assisted boiling point control system," T. Park, et al., Lab 

on a Chip, 12(16), 2799 (2012). 
 

 691



CELLULAR MECHANICAL IMEPEDANCE MEASUREMENT  
BY ROBOT INTEGRATED MICROFLUIDIC CHIP  

WITH WIDTH TUNABLE MICROCHANNEL 
Shinya Sakuma1, Makoto Kaneko2, and Fumihito Arai1 

1Nagoya University, Japan, 2Osaka University, Japan 
 
ABSTRACT 

This paper presents the on-chip cellular mechanical impedance measurement by OCAIN (On-Chip Impedance 
ANalyzer). Robochip(robot integrated microfluidic chip) is installed in OCIAN as a disposable microfluidic 
component integrated with robotic sensing unit. For the high throughput sensing of cellular specimens, they are 
flown in the microchannel of Robochip and continuous multi-parameter sensing is carried out. For the cellular 
mechanical impedance measurement, a pair of width tunable wall and force sensor is integrated at the sensing area. 
One side of the wall is actuated in non-contact by the magnetic force, therefore, the wall is powerful enough to 
collapse a rigid cell and Robochip is disconnected with the outer magnetic driving system. These are quite 
advantageous, however, it was quite difficult to improve the position accuracy of the magnetically driven 
components in the chip. Here we succeeded in nanometric order tuning of the tunable wall width by the 
displacement reduction mechanism which was previously proposed by our group. Then we achieved cellular 
impedance measurement of flowing cells in the microchannel by nanometric tuning of the wall. 

 
KEYWORDS 

MEMS device, robot, impedance analysis, force measurement, oocyte 
 

INTRODUCTION 
Recent bioscience research has been focused on the response and quality of cells [1], [2]. In particular, the 

mechanical stimulation of cells is important for analyzing their mechanical parameters. In general, deformation of 
cells is required for evaluating its mechanical parameters such as the spring coefficient and viscosity coefficient. 
Moreover, it is necessary to manipulate a single cell, and to analyze the large number of measured cells as a group 
because there is variability even among the cells in a same condition. Therefore the high throughput sensing 
technique is required which is possible to measure a lot of 
the cells individually. Scanning probe system was 
employed for the measurement of adhered cells, however, 
sensing speed is limited and it is difficult to be used for the 
flowing specimens [3]. Therefore, we studied on the high 
throughput sensing technique on a chip. We have 
demonstrated effectiveness of using geometrically- 
constrained microchannel (Tab. 1, passive) for evaluation 
of cellular mechanical properties [4]. Passive type is 
simple and fast, but force sensing is not possible. Herein, 
we developed an active type by using robochip which was 
integrated a width tunable wall and a force sensor for 
cellular mechanical impedance measurement. 

 
METHODS AND MATERIALS 
OCIAN and Robochip:  

Figure 1 shows the fundamental concept OCIAN for 
the direct measurement of the cellular force. We employed 
the robochip as an active type to the disposable part which 
was integrated of a tunable wall and an implanted force 
sensor. The tunable wall utilizes the displacement 
reduction mechanism which is the serially-connected 
springs with different stiffness to obtain high resolution in 
positioning [5]. The system consists of three part which is 
sensing part, actuation part and disposable part. Features of 
the robochip are (1) high throughput direct sensing by 
employing the tunable wall and implanted force sensor, (2) 
in-situ or pre- tuning of tunable wall to the target cell with 
high resolution, and (3) disposable for biomedical 
application. Since the chip part is disposable, our concept 
is suitable for biomedical application. 

 
 
 

Figure 1: Concept of on-chip impedance analyzer 

Sensing Part 
( High speed CCD )

Disposable Part 
( Robochip )

Actuation Part 
( Motorized stage )

Flow

Type Passive Active
Throughput High High

Sensing Indirect Direct

Images of
cellular force
measurement

Table 1: Classification of continuous cellular force 
measurement in a micro fluidic chip 
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Fabrication of robochip:  
Figure 2 shows the process flow for the 

fabrication of the robochip. Fabrication process of 
robochip was based on a simple two-step procedure. 
First the holder layer and the device layer were 
fabricated identically. The layers were then assembled 
and a multi-layer structure was easily achieved. 
<Process flow of hold layer> 
(a) Cr/Au was patterned as alignment marks for the 
multi-step exposure of the holder layer. 
(b) 1st SU-8 (Nippon Kayaku Co., Ltd.) layer was 
patterned as a spacer layer. The thickness of the spacer 
layer defined the gap between the device structure and 
the substrate surface for reducing the friction force 
between them. In this case, the gap was designed to be 
10 m in order to avoid contact between the Si 
structure and substrate surface because of the magnetic 
force and deflection by its own weight. Then, 2nd SU-8 
layer was fabricated as a 220-m-thick cage structure. 
This structure holds the device layer. 
<Process flow of device layer> 
(c) An SU-8 pattern which composed of the tunable 
wall, the force sensor and the microchannel pattern, 
was fabricated on the surface of the 200-m-thick Si. 
(d) The Si substrate was etched using a deep reactive 
ion etching (D-RIE) technique, and the SU-8 was 
removed.  
<Assembly and packaging> 
(e) The fabricated device layer was assembled to the 
hold layer, and a permanent magnet (diameter: 1 mm, 
height: 0.5 mm, density of magnetic flux: 140 mT) was 
assembled to the actuation point. Finally, a 
polydimethylsiloxane (PDMS) cover was bonded onto 
the hold layer. 

A photograph of the fabricated tunable wall and 
an SEM image of the gap between the device layer and 
the hold layer are shown in Figure 3. 

 
EXPERIMENT 

Figure 4 shows a photograph of the OCIAN. This 
system is composed of a microscope with a CCD 
camera (sensing part), a motorized stage (actuation 
part), and a robochip (disposable part). A permanent 
magnet (diameter: 1 mm, height: 1 mm, density of the 
magnetic flux: 176 mT) was placed on the motorized 
stage to actuate the on-chip probe, and the density of 
magnetic flux on the glass substrate was 32 mT. Figure 
5 shows the demonstration of wall tuning by using the 
OCIAN. The tunable wall was actuated by the 
magnetic force and width of the microchannel was 
tuned by the control of the displacement of the 
motorized stage. Figure6 shows the evaluation of the 
repetitive positioning accuracy of the tunable wall. The 
amplitude of the displacement of the manipulation 
point and actuation point was measured using the 
pixels of the images of the CCD camera (1 pix  0.08 
m) as a function of the amplitude of the displacement 
of the motorized stage (the drive frequency: 0.25 Hz). 
In figure 6, horizontal axis shows the displacement of 
permanent magnet on the motorized stage and vertical 
axis shows the displacement of actuation point and 
displacement of manipulation point. The plots showed 
the average (10 times) of the displacement of them, 

Figure 2: Flow of fabrication process of robochip
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and error bar showed each standard deviation of that. 
The standard deviation of the displacement of the wall 
was under 0.18 m, and we concluded that the 
nanometric order tuning was achieved.  

Figure 7 shows the sequence of photographs of 
the demonstration of the on-chip cellular force 
measurement. The target cell (oocyte: diameter = 150 
m) was transported (wall width: 180 m), then it was 
deformed with the displacement of 65 m at the tip of 
force sensor and the force was measured as 8.8 N. 
Further, the Young's modulus of the oocyte was 
measured as 15.4 kPa. Continuous force measurement 
was also possible by using cell loading unit. Figure 8 
shows the measurement result of the Young’s module 
as mechanical impedance. Young’s modulus of ten 
oocytes were measured at OCIAN, 2 days (groupA: 
sample number 1~5), and 14 days (groupB: sample 
number 6~10) after harvest. Each oocyte was deformed 
with displacement of 15, 20, 25 of original size. 
GroupB showed relatively higher Young’s modulus 
than groupA. Eventually, quality evaluation of cell will 
be possible by mechanical impedance measurement 
using OCIAN. 
 
CONCLUSION 

In this paper, we presented the on-chip cellular 
impedance measurement using robochip which consists 
of an on-chip probe and a force sensor. Here we 
demonstrated cellular impedance measurement. 
Oocytes were deformed by the tunable wall, and the 
cellular force was measured by the force sensor in the 
flow environment. Unlike conventional measurements using a scanning probe system that can measure adhered cells, 
the on-chip probe can be conducted as a flow process, and the cells can be supplied to the manipulation area. The 
performance of the tunable wall was examined, and the result shows that the standard deviation of displacement of 
the wall was under 0.18 m and the output force was enough for the deformation of the oocyte. Moreover, the 
measurement of the Young’s module as mechanical impedance was demonstrated and quality evaluation of cell will 
be possible by mechanical impedance measurement using OCIAN. 

The proposed method, which is a microfluidic chip based robochip, is therefore a promising method for 
realizing high throughput sensing of the mechanical parameters of cell.  
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DEFORMABLE
MICROFLUIDIC PLATFORM FOR CONTINUOUS 

AND CONSTANT
Hyun-Tae Kim

Electrical and Computer 
ABSTRACT 

Maintaining constant pressure 
new type of closed-loop micro 
circulation, which can be applied to 
channel that can be deformed by electromagnetic
and constant pressure of a fluid during circulation. 
continuous complete fluid circulation,
Torr through the circulatory closed-
KEYWORDS : Constant pressure, 
 
INTRODUCTION 
      Most material separation method
require stable constant pressure fluidic flow for a
through micro channels (analytical
inserting a micropump within the process 
ensure a larger pumping quantity, and lower 
However the use of mechanical micropump
(Fig.1). Such drawbacks are mainly 
membrane movement [3, 4].  
      We report a novel closed-loop micro circulation platform that avoid
fluidic loop by constantly maintaining the membrane
thus, encloses and translates a fluid 
the pressure fluctuation. 
 
STRUCTURE AND OPERATION PRINCIPLE
      The structure of this platform consists of three functional
and circulatory channel layers (Fig. 2)
hydraulic fluid for the membrane deformation. 
propagate into one direction, and the movement is 
previously reported [5]. The actuation membrane layer is 
the fluid as gradually inflated by the hydraulic fluid. The circulatory channel layer serves as the analytical 
channel where the target objects can be rotated. The 
the channel are semi-circular (the 
connectors are attached. Note that the circulatory channel deforms without 
has two distinct types: type A (70×14
constructed with curved channel which is semi
  
 
 
 
 
 
 
 
 
 
 
 

 

Table 1: Characteristic comparison
mechanical, non-mechanical, and proposed platform
[4] 
  

DEFORMABLE-CHANNEL CLOSED-LOOP 
MICROFLUIDIC PLATFORM FOR CONTINUOUS 

AND CONSTANT-PRESSURE FLUID CIRCULATION
Tae Kim, Jiyoung Son*, and Hanseup Kim 

Electrical and Computer Engineering, University of Utah, U.S.A. 

ing constant pressure is a critical characteristic in many analysis processes
loop micro circulation platform that produces continuous, constant

to various analytical instruments. The platform contains
electromagnetic-hydraulic micropumps, thus maintaining
during circulation. Successful demonstration has been

fluid circulation, and it has achieved suppressing pressure-fluctuation by 
-loop channel (69×4×0.6mm).  
 Constant volume,  Circulatory platform, Closed-loop 

methods in the field of analytical chemistry, such as liquid 
pressure fluidic flow for accurate analysis [1, 2]. Conventionally, 

analytical column) in microfluidic LC instruments have been
process loop. In such an LC system, mechanical micropump
, and lower induced electric charge on surrounding component

mechanical micropumps results in significant pressure fluctuation and irregular flow rates 
mainly caused by the volumetric expansion and contraction

loop micro circulation platform that avoids any transient volume variation in the 
maintaining the membrane deformation at the same volume. 

a fluid within the constant volume between deformable membrane

OPERATION PRINCIPLE 
f this platform consists of three functional layers: hydraulic actuators, actuation 

s (Fig. 2). The hydraulic actuator layer provides the paths for
for the membrane deformation. The designed path allows the membrane deformation to 

propagate into one direction, and the movement is driven by a high-force electromagnetic
The actuation membrane layer is fabricated of a thin and flexible

the fluid as gradually inflated by the hydraulic fluid. The circulatory channel layer serves as the analytical 
objects can be rotated. The cross-section, (type A: A2-A2’) and

the diameter 0.6mm) (Fig. 2). Onto the channel layer
the circulatory channel deforms without conventional valves. 
14×7.5mm) is constructed with straight channel and type B 

nel which is semi-circle shape (Fig. 2). 

 
 
 
 
 

Figure 1: Closed-loop fluid circulation techniques:
(Left) conventional method and (right) the 
method in this work  

comparison among 
mechanical, and proposed platform. 

 

LOOP  
MICROFLUIDIC PLATFORM FOR CONTINUOUS  

PRESSURE FLUID CIRCULATION  

 

es. This paper reports a 
constant-pressure fluidic 

contains a circular closed-loop 
thus maintaining, a constant volume 

been performed to show 
fluctuation by 80% below ±2 

 

liquid chromatography (LC), 
, generating fluidic flow 
en achieved by directly 

mechanical micropumps are utilized to 
components (Table 1). 

significant pressure fluctuation and irregular flow rates 
ic expansion and contraction during transient 

any transient volume variation in the 
. Such a configuration, 

membranes and minimizes 

: hydraulic actuators, actuation membranes, 
for the movement of the 

allows the membrane deformation to 
electromagnetic-hydraulic micropump, 

flexible polymer and rotates 
the fluid as gradually inflated by the hydraulic fluid. The circulatory channel layer serves as the analytical 

and (type B: B1-B1’), of 
the channel layer both inlet and outlet 

conventional valves. This platform 
and type B (69×4×0.6mm) is 

 
loop fluid circulation techniques: 

Left) conventional method and (right) the proposed 
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The operation of the circulatory flow
gradually deforming the channel along the one flow direction up to 180
powered by hydraulic fluid injection and discharge
operation of the closed channel, the two
difference, resulting in the constant volume and the minimal pressure 
180° phase difference of the two driving hydraulic fluid flow
less pump are attenuated.  
 
FABRICATION 
      The valve-less pump was fabricated by 
layers of acrylic substrates, poly-
substrates layers, 1.5mm and 3.0mm thick acrylic substrate
A layer of 130µm thick polyurethane film, which represents fluid driving membrane, 
PDMS layer and 3.0mm acrylic layer 
      Both the acrylic substrates and polyurethane film
laser cutting machine (PLS6.150D) 
Then the PDMS substrate layer was
to the acrylic substrate by mechanical cramping with screw
testing of different designs and shapes of PDMS channels for
silicone oil was used throughout the platform.
 
EXPERIMENT AND RESULTS 
     The flow characteristics of the proposed fluid circulatory system w
micropumps connected to each other
altered by 180° phase difference, were generated 
signals were supplied by two function generator
valve-less micropump closed-loop platform
prepared for data collection.   
      Input signal conditions applied 
amplitude (max amplitude of the function generator)
The absolute pressure and flow rate 
(OMEGA, FMA-1604A) (Fig. 4). For 
DI water was injected in the closed
recorded to verify complete circular flow. 

The measurement has clearly shown that 
to conventional method (Fig. 5). Particular
20.7torr to 4.1torr, which is 80% of reduction, while
back-flow. The fabricated platform successfully 
control volume (Fig. 6). The droplet of 
channel in 7sec (25mm/sec) while the plat
rpm).  

Figure 2: Photograph and cross-section image of 
the fabricated (top) valve-less peristaltic 
micropump and (bottom) fluid circulatory chip.

circulatory flow is enabled by peristaltic deformation of the actuation membrane 
along the one flow direction up to 180°. The actuation membrane

hydraulic fluid injection and discharge of electromagnetic-hydraulic micropumps. 
the two micropumps, located symmetric actuate with exactly

resulting in the constant volume and the minimal pressure fluctuation (Fig. 3
two driving hydraulic fluid flows, rapid fluctuation of pressur

fabricated by utilizing conventional PDMS molding and 
-urethane film and polydimethylsiloxane (PDMS) 

1.5mm and 3.0mm thick acrylic substrates were used, and PDMS substrate was
130µm thick polyurethane film, which represents fluid driving membrane, 

layer (Fig. 2).   
rates and polyurethane films were precisely patterned with a computer

) and bonded with 25µm thick double-sided acrylic adhesive (3M 200MP).
he PDMS substrate layer was molded, in order to include the circulatory channel shape, and was attached 

by mechanical cramping with screw-bolts. This attachment is not permanent allowing the 
shapes of PDMS channels for fast and easy. For hydraulic working fluid

used throughout the platform. 

 
The flow characteristics of the proposed fluid circulatory system were evaluated using two 

each other with polymer tubing (Fig. 4). Two different input
difference, were generated to control two electromagnetic-hydraulic 

function generators (Agilent, 33120A). For comparison purpose, a
loop platform, which represents conventional closed-loop flow platform

applied to two electromagnetic-hydraulic micropumps were
(max amplitude of the function generator), and three signal types (step, sinusoidal, and triangular

The absolute pressure and flow rate inside the closed-loop channel were monitored using a flow meter 
For demonstrating the fluid circulation visually, a droplet

DI water was injected in the closed-loop channel. Once a droplet was injected, photo and vi
circular flow.  

clearly shown that the absolute pressure fluctuation is significantly reduced compare
Particularly, the sinusoidal input case reduced the pressure differentials from 

20.7torr to 4.1torr, which is 80% of reduction, while it was generating 1.1sccm of mass flow rate without any 
flow. The fabricated platform successfully demonstrated complete circular flow of 

droplet of colored DI water made a complete circulation of
e the platform consumed 3W. And the droplet circulated 8.5 turns in 1 min (

Figure 3: Schematic diagram showing the gas 
circulation inside the closed
longitudinal cross-section of the fluid circulatory 
system that formed by connecting two valve
peristaltic micropumps.  

section image of 
less peristaltic 

bottom) fluid circulatory chip. 
peristaltic deformation of the actuation membrane 

The actuation membrane movement is 
hydraulic micropumps. During the 

, located symmetric actuate with exactly 180° phase 
(Fig. 3). Note that due to the 

rapid fluctuation of pressure from each valve-

ing and bonding of multiple 
 substrate. For acrylic 

PDMS substrate was 3.0mm thick. 
130µm thick polyurethane film, which represents fluid driving membrane, was placed between 

s were precisely patterned with a computer-controlled CO2 
sided acrylic adhesive (3M 200MP). 

channel shape, and was attached 
This attachment is not permanent allowing the 

hydraulic working fluid, 

ere evaluated using two type A valve-less 
Two different input signals which were 

hydraulic micropumps. Input 
purpose, a single type A  

loop flow platform, was also 

were as follows: 10 Vpp 
step, sinusoidal, and triangular). 

loop channel were monitored using a flow meter 
droplet (0.05ml) of colored 

. Once a droplet was injected, photo and video images were 

significantly reduced compared 
reduced the pressure differentials from 

generating 1.1sccm of mass flow rate without any 
complete circular flow of the colored DI water 

ion of 173mm long circular 
circulated 8.5 turns in 1 min (8.5 

 
Schematic diagram showing the gas 

circulation inside the closed-loop channel; 
section of the fluid circulatory 

system that formed by connecting two valve-less 
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CONCLUSION 

This study demonstrated a new 
constant-pressure fluidic circulation.
valve-less micropumps connected 
driving hydraulic flow inputs by the
volume flow compared to the conventional method. The 
pressure differentials from 20.7torr to 4.1torr, which is 80% of reduction, while
mass flow rate without any back-flow
instruments, such as LC. Closed-loop constant pressure circulation micro channel can be 
lengthy analytical column.  
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ABSTRACT 
The integrated detection platform comprises a fluorescence-collecting microlens and the annular integrated 

fluorescence detector where a thick SiO2/Ta2O5 optical interference filter (>6 m) is monolithically integrated on a
hydrogenated amorphous Si (a-Si:H) PIN photodiode, allowing for vertical excitation through the detector.  With a 
microfluidic CE device mounted on the platform, the detection system is demonstrated to separate and detect AMAC
labeled glucose (20 M), using the external excitation source. We are now working towards integration of an 
excitation source to fabricate fully integrated laser-induced fluorescence detection (LIF) device that would be 
comprised of an InGaN laser diode (LD), micro-lenses and the integrated a-Si:H fluorescence detector.

KEYWORDS 
fluorescence, a-Si:H, laser diode, glucose, microfluidics 

INTRODUCTION 
Miniaturization and integration of detection devices are imperative to realize point-of-care microfluidic 

lab-on-a-chip biochemical analysis devices.  Even though glucose sensor based on electrochemical detection has 
been dominant in a biosensor market, fluorescence detection is potentially more advantageous than electrochemical 
detection in terms of sensitivity, multiplexed detection capability and isolation from analyte.  Integration of 
fluorescence detection, however, is more difficult compared to electrochemical detection, because it requires 
heterogeneous material and device integration of various optical component such as an excitation source, an optical 
filter and a detector.  Besides most of integrated fluorescence detectors suffer from high limit of detection (LOD) 
compared to conventional optical system that consists of discrete optical components.  In our previous work, we 
have significantly improved a LOD of an integrated hydrogenated amorphous silicon (a-Si:H) fluorescence detector 
due to laser light, implying single molecular DNA detection when combined with polymerase chain reaction.[1] 

In this work, we have applied the integrated a-Si:H detector combined with a microfluidic capillary 
electrophoresis (CE) device to detect 2-aminoacridone (AMAC) labeled glucose, providing clinically relevant LOD 
for glucose.  We are now developing wafer level packaging technology of a LD to realize fully integrated LIF 
device that would be capable of various microfluidic biochemical assays due to visible fluorescence detection. 

EXPERIMENT 
Figure 1 (A) show cross sectional structure of integrated a-Si:H fluorescence detectors where SiO2/Ta2O5 optical 

interference filter (511-615 nm) was monolithically integrated on an a-Si:H photodiode. The integrated a-Si:H 
fluorescence detector fabrication procedure was published elsewhere.  An optical micrograph of the top view of the
integrated a-Si:H fluorescence detector is shown in Figure 1 (B).

Prior to all electrophoretic operations, the channel walls were charge-neutralized with linear polyacrylamide,
following a modified procedure of Hjerten coating. The reductive amination method was used to derivatize 
D-(+)-glucose by fluorescent 2-aminoacridone (AMAC).[2] 0.1 M AMAC solution was prepared with a mixture of 
dimethyl sulfoxide (DMSO) and acetic acid (17:3 v/v).  A 5 L of 20 mM glucose solution was mixed with 5 L of 
the AMAC and 10 L of sodium cyanoborohydride, which was incubated for derivatization.  180 L of 200 mM 
borate buffer (pH=8.5) was then added to terminate the derivatization.  The derivatized glucose solution was further 
diluted to 20 M with 200 mM borate buffer for microfluidic separation. 0.5 w/v % methylcellulose (MC) 
dissolved with 200 mM boric acid (pH=8.5) was used as running buffer for the glucose separation.  The diluted 
glucose sample was placed in the sample reservoir, and 200 mM borate buffer was loaded into the waste, cathode,  
and anode reservoirs to make electrical contact with the platinum electrodes.  The glucose sample were injected 
120 s from the sample to waste reservoirs at 375 V/cm while applying a floating potential at the cathode and anode 
reservoirs.  Separation was then performed at 170 V/cm while applying a back-bias electrical field of 110 V/cm 
between the injection cross point and both the sample and waste reservoirs. The effective separation length was 
approximately 2.7 cm. 

The integrated detection platform comprises a fluorescence-collecting microlens and the annular integrated 
fluorescence detector, shown in Figure 1.  A 476.5 nm line of Ar ion laser was introduced normal to the 
microfluidic CE device while loosely focused (~30 m dia.) through a convex lens on the CE channel: note that the 
external excitation source is used for the separation experiment.  The annular a-Si:H photodiode and transparent 
glass substrate allowed vertical laser excitation while avoiding direct incidence of excitation light on the photodiode.  
The bottom 200-nm-thick Cr electrode layer of the a-Si:H photodiode acted as an aperture for the incident laser light.
Fluorescence was collected and approximately collimated by the microlens and spectrally filtered with the bandpass 
filter.

For the integrated detectors, a reverse bias voltage of 1 V was applied to the a-Si:H photodiode to optimize 
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Figure 1.  (A) Schematic cross-sectional view of a LIF detection device comprised of a LD, microlens and 

integrated a-Si:H fluorescence detector for microfluidic biochemical analysis. (B) Optical micrograph of the top 

view of the integrated fluorescence detector. 

 

carrier collection efficiency.  Dark current of the integrated detectors was less than 1 pA at a reverse bias of 1V.  

The photocurrent was synchronized to chopped laser light at 27 Hz and detected by a lock-in amplifier to reduce 

background due to environmental light and dark current of the a-Si:H detector.  The filtered (300 ms) LIA output 

was digitized at 20 Hz.  Data acquisition and separation control were accomplished using LabView. 

 

RESULTS AND DISCUSSION 

Figure 2 presents the microfluidic separation and detection of 20 M AMAC-labeled glucose.  The LOD was 5 

M for the glucose solution.  Blood glucose level is normally maintained at 80-120 mg/dL, corresponding to 4-7 

mM, so that the integrated detection system presented here could easily monitor the blood glucose level.  The 

current glucose sensor is based on fingertip prick for collecting blood sample, followed by electrochemical detection 

of glucose, only allowing for intermittent measurement.  In order to predict the trend of blood glucose change, 

however, continuous glucose monitoring is required.  Fluorescence-based approach is particularly useful to 

transdermally monitor the glucose level.[3]  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Electropherogram of 20 M AMAC-labeled glucose solution.  0.5 w/v% of MC dissolved in the 200 

mM borate buffer was used as the running buffer. 
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So far we have concentrated on reducing the LOD using an external laser source.  DNA analysis experiments 

establish clinically-relevant LOD for point-of-care genetic analysis and glucose detection provide sufficient LOD for 

fluorescence based continuous glucose monitoring.  A more complete LIF device integrating a Vertical Cavity 

Surface Emitting Laser Diode (VCSEL), photodiode and emission filter monolithically on a GaAs substrate has been 

presented.[4]  The monolithic approach should be advantageous for device manufacturing, but this is only possible 

for GaAs-related materials, limiting to near infrared fluorescence detection.  Besides, the LOD was 40 nM for 

IRDye 800 (Li-COR) in methanol.  On the contrary, our approach is to detect visible fluorescence.  Currently 

blue-green InGaN laser diode (LD) would be the only choice to excite practical labeling dyes, naturally requiring 

heterogeneous integration of an InGaN LD, SiO2/Ta2O5 optical interference filter and the a-Si:H photodiode. 

There are two ways to fabricate heterogeneously integrated LIF device.  One is to use a InGaN VCSEL.  When 

the a-Si:H detector is combined with VCSEL, a planar integrated LIF device could be realized like MOSFET, suited 

with heavily multiplexed microfluidic biochemical analysis.  The other way is to use an edge-emitting GaN laser 

diode.  In the edge-emitting LD, carrier is injected in a vertical direction while laser is emitted in a horizontal 

direction, so that 45° mirror should be placed in a path of laser light for vertical excitation.  To this end, TMAH wet 

etching was performed to fabricate a Si cavity.  A small amount of addition of certain surfactant to TMAH solution 

makes Si(110) the slowest etching planes, so that 45° sidewall was obtained for Si (100) wafer (Figure 3(A)).  

Through Si Vias (TSV) was also fabricated by Cu electroplating for current input to the LD (Figure 3(B)).  After 

the LD is bonded to the bottom of the Si cavity and mirror is formed on the 45° sidewall, the Si cavity will be 

encapsulated with the a-Si:H detector substrate.  This structure will also act as a packaging of the LD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  (A) SEM of a Si cavity with 45 sidewall. (B) Cu electroplated TSV's fabricated in the bottom of the Si 

Cavity. 
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ABSTRACT 
    We developed a novel measurement method of dielectric constant of liquids in 101-103 nm space 
(extended-nano space). Using our streaming potential system [1], dielectric constant was measured by regarding an 
extended-nano channel as an electric circuit. We revealed that the dielectric constant of water in extended-nano space 
was dramatically decreased (approximately 1/4 in 580 nm channel compared to the bulk). The obtained unique 
results will be important information for unique reaction in extended-nano space, and this tool will contribute novel 
reaction analysis systems. 
 
KEYWORDS 
Dielectric constant measurement, extended-nano space, water property, streaming potential 

 
INTRODUCTION 

Recently, an extended-nano space has attracted much attention as new chemical reaction field due to its 
extremely high surface-to-volume ratio. For example, polymerizing reaction of hydrophobic molecules is accelerated 
in extended-nano space using hydrophilic glass surface [2]. Also in this space, uniquely structured water molecules 
with high proton mobility [3] are suggested. In order to utilize it as a new chemical reactions field, information of 
polar character of liquid depended on dielectric constant are strongly required. As a reason for this requirement, 
dielectric constant of solvent is very important parameter in chemical reaction with considering electrostatic force 
between reactants. In addition, electrostatic force between reactant and surface should be considered in 
surface-dominant extended-nano space. However, the measurement of dielectric constant of liquid in extended-nano 
space is difficult due to lack of analysis tools. For example, impedance measurements with AC [4] evaluate total 
capacitance which includes that of the surrounding material (glass in our case), electrodes and so on. In this study, 
we developed dielectric constant measurement method with DC by regarding an extended-nano channel as an 
electric circuit. With the electric circuit using Ohm’s law and Coulomb’s law, dielectric constant of liquids in 
extended-nano space were quantitatively evaluated. Obtained dielectric constant in extended-nano space was 
dramatically lower than that in bulk, and contribution of the unique dielectric constant to chemical reaction was 
discussed.  

 
EXPERIMENT 

Extended-nano channel for the measurement were fabricated on the synthetic quartz glass plate by electron beam 
lithography and plasma etching. Also, micro-meter-sized channels for the introduction of sample in the measurement 
channel on another plate, and they were thermally bonded at 1080 degree C [5]. Sample was filled in a chip and it 
was controlled by a pressure controller. The streaming potential is observed when the cation layer was moved by the 
hydrodynamic flow and the signal was detected by electrodes. Regarding the channel as electric circuit, the 
streaming potential depended on the channel electric capacitance C and the electric resistance R (Figure 1). All 
experiments were performed at room temperature (20 degree C). 
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Figure 1. Concept of regarding electrokinetic phenomena in an extended-nano channel as electric circuit  
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RESULTS AND DISCUSSION 
Streaming potential was gradually increased with applied pressure. From the circuit equation, streaming potential 

was functionalized by time t with the channel capacitance C, the resistance R, and the streaming potential in static 
state Vs. 

 





  )1exp(1)( t

CR
VstV    (1) 

 
Streaming potential was fitted to equation 1 as shown in Figure 2. Using the result in Figure 2, the value of CR 

was obtained. Also, R was evaluated from current measurement with applying voltage. As shown in Figure 3, the 
current value and the applied voltage had good linier relationship corresponding Ohm’s law, and R was obtained 
from its slope. With the results in Figure 2 and Figure 3, C was obtained. In the next experiment, cell constant of the 
setup was evaluated. Capacitance was expressed as a product of dielectric constant r and cell constant. Relationship 
between capacitance and dielectric constant was evaluated by measurements using various solvent in Table 1. As 
shown in Figure 4, they showed liner relationship and cell constant was obtained from its slope. Thus, dielectric 
constant was obtained from measured capacitance and cell constant. 
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Table 1. Used samples and their dielectric 
constant in bulk 

Table 2. Sizes of channels used in 
measurements 

 Channel size Channel width

580 nm 610 nm

770 nm 750 nm

1190 nm 1380 nm

1650 nm 1580 nm

Channel depth

2500 nm 2500 nm

560 nm

790 nm

1050 nm

1730 nm

2500 nm

 
 
 
 
 
 
 
 

Sample Dielectric constant r

Water 80

Methanol 33

Ethanol 24

2-propanol 18
 
 
 
Finally, size dependency of dielectric constant of water was evaluated (Figure 5). Sizes of the channels used in 

measurements were shown in Table 2. In the space over 1000 nm, same dielectric constant as bulk (r = 80) was 
obtained. This showed that water in micro space can be treated as normal water in bulk. However, in extended-nano 
space, it was dramatically decreased compared to the bulk (approximately 1/4). Lower dielectric constant means that 
water molecules are more oriented. Considering proton transfer phase model in reference 3, water molecules in 
extended-nano space are loosely structured near the surface. Such water structure like network is considered to have 
high orientation, and our results have good agreement with its model. From these results, due to lower dielectric 
constant of water in extended-nano space, electrostatic shielding is considered to be weaker in this space. We expect 
that reaction using electrostatic interaction between reactants or between reactant and surface is accelerated in 
extended-nano space. 

 
CONCLUSION 

We developed novel dielectric constant measurement method by regarding an extended-nano channel as an 
electric circuit. Measured streaming potential signals were fitted in the electric circuit equation, and electric 
capacitance values with various solvents were obtained. Thus, applicability of our setup was shown and our method 
can be applied to various reaction systems. We also revealed that water in extended-nano space has lower dielectric 
constant compared to the bulk. This result had good agreement with proton transfer phase model. Due to lower 
dielectric constant of water in extended-nano space, electrostatic shielding is considered to be weaker in this space. 
We believe that unique chemical reaction can be performed using unique dielectric constant, and novel analysis 
systems for reaction using extended-nano channels can be achieved using our system. 
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SELF-REGENERATING PHOTOCATALYTIC SENSOR BASED ON 
DIELECTROPHORETICALLY ASSEMBLED TiO2 NANOWIRES FOR 

POLLUTANT VAPOR SENSING  
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ABSTRACT 
This paper reports an improved TiO2 based vapor sensor fabricated by dielectrophoretically assembling TiO2 

nanowires. With incorporating a parallel laminar flow field with AC electric fields, the dielectrophosis of TiO2 
nanowires in ethanol was systematically studied at varied AC frequencies and flow rates. With the aid of UV light, the 
developed vapor nanosensors can detect vapor pollutants including NH3, acetone and ethanol at room temperature.  
The detection limit, the response time, and the recovery time of the developed vapor nanosensors are 10 ppm, 120 
seconds, and 60 seconds, respectively. 
 
KEYWORDS 

TiO2 nanowires, dielectrophoretical assembly, vapor sensing, nanosensor.  
 

INTRODUCTION
TiO2 based vapor sensor has been attracted increasing attention throughout the past years due to its advantages 

including high sensitivity, low cost, rapid response, and recovery. However, conventional TiO2 based vapor sensor was 
usually operative at higher temperature (>300°C) thereby limits its practical application [1]. Therefore, new 
approaches are highly demanded to make the vapor sensor operated at low or room temperature [2]. Furthermore, 
developing a method with well controllability of the assembling of TiO2 nanostructures is of great importance, because 
the morphology of the assembled TiO2 nanostructures (nanowires, nanotubes, nanorods or nanobelts) used for vapor 
sensing is a key to its performance. In the current paper, we fabricated vapor sensors by dielectrophoretically 
assembling TiO2 nanowires and applied UV light to make the sensor operated at room temperature. The sensing 
mechanism used in our system is schematically illustrated in Fig. 1. Under UV light, the semiconducting TiO2 
nanowires could generate electrons and electron holes which can catalyze the oxidation of molecules such as NH3 and 
acetone exampled in Fig. 1. The diffuse of oxygen outwards towards TiO2 nanowires will result in a decrease of 
vacancies and an increase in resistance that is correlated to organic vapor concentration. 

 
 
 
 
 
 
 

Figure 1. Schematic drawing of the developed self-regenerating photocatalytic sensor based on dielectrophoretically 
assembled TiO2 nanowires for pollutant vapor sensing. 

 
DESIGN AND FABRICATION 

The diagram of microelectrodes with the coplanar structure fabricated by photolithography technique is shown in 
Fig. 2. Two electrode designs with gap distances of 10 and 20 μm were used in the current study. TiO2 nanowires 
were synthesized by the ethylene glycol (EG)-mediated method [3]. Specifically, 0.050 mL titanium (IV) butoxide 
was added to a 50 mL flask that contained 10 mL EG and the solution was heated to170 °C under stirring for 2 h. The 
white flocculate was harvested using centrifugation, followed by washing with deionized water and ethanol several 
times to remove excess EG from the sample. Once collected, the glycolate nanowires were calcined into anatase TiO2 
nanowires at 500°C for 3 h. The morphology of synthesized TiO2 nanowires observed by SEM was shown in Fig. 3, 
indicating 550 nm in mean diameter and 26 μm in mean length.  

       

Figure 2. Diagram of the fabricated microelectrodes 
used for DEP assembly. 

Figure 3. Scanning electron microscopy (SEM) images of 
synthesized TiO2 nanowires.
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EXPERIMENTAL RESULTS 
The experimental setup for dielectrophoretically (DEP) assembling TiO2 nanowires was schematically illustrated 

in Fig. 4. To gain the controllability of the assembling and prevent the precipitation of TiO2 on the electrode surface, a 
laminar flow parallel to the direction of the electric field was applied using a syringe pump. The synthesized TiO2 
nanowires were dispersed in ethanol with a concentration of 0.1% (wt%) for DEP assembling. In the current study the 
applied AC electric field intensity was kept constant at 500 V/mm while the AC frequency and flow rate were varied. 
The assembling process was in-situ monitored by optical microscope and the morphology and number of assembled 
TiO2 nanowires were characterized by OM and SEM.   

 
 
 
 
 
 
 
 
 

Figure 4. Schematic of DEP assembly of TiO2 nanowires under laminar flow. The flow field was applied to control 
the DEP assembling process. 
 

At constant electric field intensity of 500 V/mm and AC frequency of 10 kHz, the morphologies of 
dielectrophoretically assembled TiO2 nanowires at varied flow rates were exhibited in Fig. 5. It is clearly observed at 
high flow rate less TiO2 nanowires were assembled across the electrodes. The strong dependence of DEP assembly 
on flow rate is clearly exhibited in Fig. 6(a). At the flow rate of 10 μL/min no nanowire was assembled because the 
strong hydrodynamic force exerted on the nanowires at high flow rate overwhelmed the DEP force. The DEP 
assembling was also dependent on the AC frequency of applied field, as Fig. 6(b) indicates that the assembling is 
effective only when the frequency is below 100 kHz. At low frequencies, the DEP force is dominated by the surface 
conductance of the TiO2 nanowires that is higher than the water medium thus is positive, i.e., inducing the TiO2 
nanowires to the high field regions. In contrast, at high frequencies, the DEP force is dominated by the permittivity of 
TiO2. The resulted negative DEP leads TiO2 nanowires depleted from the electrodes which are high electric field 
regions. A key advance of the current paper over the previous studies lies in the incorporation of the laminar flow with 
the DEP assembly. Without flow the nanowires precipitated rapidly and accumulated between electrodes by DEP force 
in an uncontrolled manner. It is clearly indicated in Fig. 6 that controllability over the number of assembled TiO2 
nanowires was successfully achieved.  

(c) (d)TiO2
TiO2 TiO2 TiO2

20 μm 20 μm 10 μm 10 μm
 

Figure 5. Optical images for typical DEP-flow assembly of TiO2 nanowires in ethanol for 5 min under constant 
voltage of 10 V and AC frequency of 10 kHz with varying flow rate: (a) 10 μL min -1 and (b) 1 μL min-1 with gap 
distance between electrodes of 20 μm; (c) 10 μL min-1 and (b) 1 μL min-1 with electrode gap distance of 10 μm. 
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Figure 6. (a) Effect of flow rate on the number of DEP-flow assembled TiO2 nanowires for 5 min under constant 
voltage of 10 V and AC frequency of 10 kHz across electrodes with gap distance of 10 ( ) and 20 μm ( ). (b) Effect 
of AC frequency on the number of DEP-flow assembled TiO2 nanowires for 5 min under constant voltage of 10 V and 
flow rate of 1μL min-1 across electrodes with gap distance of ( ) and 20 μm ( ) . 

Fig. 7(a) shows the electrical impedances of assembled nanowire arrays with varied number of TiO2 nanowires 
measured by impedance analyzer. The sensing experiments of the assembled TiO2 nanowires were conducted at the 
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constant AC frequency of 10 kHz with measuring the impedance change. The sensing results of the fabricated sensor 
made of two assembled TiO2 nanowires across 20 μm to varied vapors were shown in Fig. 7(b). When UV light was 
absent, the impedance of the sensor didn’t exhibit any detectable change upon purging varied organic vapors including 
NH3, acetone, and ethanol vapors. The insensitivity of the sensor without UV light is due to the low electron and 
vacancy densities of TiO2 nanowires at room temperature. When UV light with wavelength of 365 nm and intensity of 
6 mW/cm2 was applied, the measured impedance shows a significant increase as NH3, acetone and ethanol vapors with 
100 ppm concentration were purged into the device. The sensitivity of the sensor towards varied vapors appears to 
follow the order that ethanol > acetone ≈ NH3. When the air was purged into the sensor, within 60 seconds the 
measured impedance returned to its initial value, indicating an excellent self-regenerating ability of the developed 
vapor sensors. 
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Figure 7. (a) Impedances of assembled TiO2 nanowires. (b) Response and recovery of the fabricated sensor made of 
two TiO2 nanowires across 20 μm gaped electrodes to varied vapors with concentration of 100 ppm. 

The limit of detection (LOD) of the fabricated sensor to NH3 was measured. Fig. 8 (a) and (b) shows the decreases 
in impedance of two sensors to NH3 at concentrations ranging from 10 to 100 ppm. The sensitivity of the sensor of 
TiO2 nanowires on 10 μm gaped electrodes was higher than that of the nanowires on 10 μm gaped electrodes, which is 
reasonable considering the number of TiO2 nanowires was higher on 10 μm gaped electrodes. Fig. 8 (c) shows that the 
LOD of the sensor on 10 μm gaped electrodes was measured to be as low as 10 ppm at room temperature.     
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Figure 8. (a) Response of the fabricated sensor made of 10 TiO2 nanowires across 10 μm gaped electrodes at room 
temperature to NH3 with varied concentration. (b) Response of sensor made of 2 TiO2 nanowires across 20 μm gaped 
electrodes to NH3. (c) Response of the two fabricated sensors and limit of detections to NH3 at room temperature. 
 
CONCLUSIONS 

Vapor sensors were fabricated by dielectrophoretically assembling TiO2 nanowires with the help of fluid flow. 
Under UV light, the sensors showed high sensitivity (LOD of 10 ppm to NH3), fast response (120 sec) and fast 
recovery (60 sec) to vapor pollutants including NH3, acetone and ethanol at room temperature.    
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ABSTRACT 
    Microtubule (MT)-based intraneuronal transport is often altered in several neurological diseases including 
neurodegeneration. To understand complex molecular processes underlying MT-based neuronal transport, e.g. 
stabilization of MT by its associated proteins, a reliable and sensitive in vitro assay is required. Such assay would 
permit analysis of various conditions and components affecting MT-based transport, facilitating identification of 
drugs modulating disease course, and ultimately resulting in the development of new theraupetic approaches. This 
paper focuses on improving the protein-MT interaction assay based on the reconstructed kinesin/microtubule system. 
Different MT immobilization processes were compared on tau protein detection. The system using MTs suspended 
between microstructures provided higher statistical significance. 
 
KEYWORDS 
Microtubule, Kinesin, Tau, Neuronal transport.  

 
INTRODUCTION 

Several types of neurodegenerative diseases, e.g. Alzheimer`s disease (AD), are caused by the intraneuronal 
transport deficiencies. [1] Therefore, understanding the analysis of intraneuronal transport and subsequent 
identification of agents modulating this process are in high demand. Microtubules are essential components of 
neurons and thus, MT-based transport have to be examined to identify the factors affecting intraneuronal transport. 
As a result, a reliable, sensitive and rapid analysis system investigating the components and conditions affecting 
intraneuronal MT-based transport would be crucial. 

Microtubules, one of the main components of the cytoskeleton, are essential for intracellular transport. They have 
polymeric structures of 13 protofilaments, assembled from tubulin monomers. Kinesin, a linear motor protein, 
performs unidirectional motion along MTs by hydrolyzing ATP and carries cargo such as a vesicle containing 
neurotransmitters. In vitro studies showed that kinesin velocity is affected by the existence of molecular attachment 
on MTs. [2] 

In this work, we investigated the effect of immobilization techniques of MTs on kinesin-coated bead motility. We 
propose an alternative geometry for MT immobilization, i.e. suspending MTs between two micromachined walls, to 
the conventional attachment on a glass surface. The sensitivity performances of different immobilization techniques 
of MTs were measured in a protein detection system. The results show that the proposed bioassay provides higher 
significance of sensitivity in comparison to conventional attached-MT-based bioassays. [3] 
 
EXPERIMENT 

Molecular Preparation 
Tubulin (4 mg/ml) was polymerized into MTs in BRB80 buffer (80 mM PIPES-NaOH pH 6.8, 1 mM MgCl2, 1 

mM EGTA) containing 1 mM MgSO4 and 1 mM GTP. After incubating at 37°C for 30 min, MTs were diluted 
100-fold and stabilized with 20 µM paclitaxel.  

Biotinylated kinesin was used to carry 0.49 µm diameter streptavidin coated polystyrene beads (Bangs Labs). 
Biotinylated kinesin (final concentration of 0.01 mg/ml) was attached on streptavidin-coated beads (final 
concentration of 6x108 bead/ml) via specific biotin-streptavidin binding. For MT immobilization, wild type inactive 
kinesin was used.  

 For protein detection experiments, microtubule-associated protein tau (Tau-441, Sigma) was used. Tau 
molecules were diluted in BRB80 (final concentration of 1 µg/ml) prior to use in the experiments. 

 
Setup and Procedure 
Three different cases of MT immobilization were investigated: attachment on a glass by poly-L-lysine (PLL), 

attachment on a glass by inactive kinesin, and bridging between parallel walls. Experiments were performed in flow 
cells with different treatments of the lower cover slip. For the first case, the cover slip was coated with PLL (0.01 % 
PLL, 5 minutes incubation) for MT attachment (Figure 1a). For the second case, the surface was coated with inactive 
kinesin (50 µg/ml, 5 minutes incubation). Kinesin molecules were attached on the surface via their tail and their 
heads were attached to MTs for immobilization (Figure 1b). The third case required simple micro machining 
techniques (lithography, evaporation, etching) to fabricate parallel walls for MT-suspension in between (Figure 1c). 
[4] A fluoropolymer (CYTOP, Asahi Glass) was patterned into 2 µm-high and 8 µm-wide parallel walls with a 
distance of 22 µm between the walls. After immobilization of the MTs, kinesin-coated beads (0.49 µm) were 
injected in the flow cells. Adding 1mM ATP solution activated kinesin molecules. Moving beads were tracked and 
analyzed to measure the average transport velocities.  

Performance test for molecular detection was applied to the attached (on PLL-coated surface) and the suspended 
(between parallel walls) cases. The average kinesin-coated bead velocities along tau-exposed MTs were measured 
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for each case. To perform this process, a tau protein solution (1 µg/ml in BRB80) was injected into the flow cell and 
incubated for 5 minutes after MT immobilization. Unbound tau was washed away with BRB80 solution. Then, the 
kinesin-coated beads were injected in the flow cell and their motion was monitored. In addition, motion along MTs 
(without tau exposure) was performed as control experiments. No-tau cases (control experiments) provided MTs 
without any obstacles for kinesin motion (Figure 2a). However, tau molecules hinder kinesin motion because they 
bind on the MT protofilaments where kinesin molecules move (Figure 2b). [5] 

A photometrics camera (CascadeII 512) was used to monitor the kinesin-coated bead motion visualized under an 
inverted microscope (Olympus IX71) with differential interference contrast setup. Images were stored as 
1-fps-movies and processed by imaging software (Metamorph, Molecular Devices, LLC).      

 
Analysis 
Moving beads (recorded in 1 fps movies) were tracked using MoveTR32 software (Library CO.). There were two 

criteria for the selection of the “moving beads”: (1) minimum continuous motion of 15 seconds and (2) maximum 
pause of 2 seconds during motion. Beads satisfying these conditions were selected as “moving beads”. For each 
“moving bead”, the fastest portion of the recorded motion (≥15 seconds) was examined and the average velocity was 
calculated. The mean velocities for each experimental case and condition were calculated and compared. Statistical 
significance was calculated using student t-test.  

 

 
Figure 1. Schematic view of different cases examined in this work. a) MTs on PLL-coated surface, b) MTs on 

kinesin-coated surface and c) suspended-MTs were used as rails for kinesin-coated beads. Average velocities of 
kinesin-coated beads were measured after tracking the motion along MTs.  

  

 
Figure 2. Schematic showing kinesin motion along a) MTs and b) tau-attached MTs. Kinesin moves freely along 

MTs. As tau hinders kinesin motion, average velocity along tau-attached MTs is expected to be slower. 
 
Results and Discussion 
Kinesin-coated bead motion was investigated along MTs immobilized with three different methods: attachment 

on a glass by PLL, attachment on a glass by inactive kinesin, and bridging between parallel walls. Average velocities 
of the tracked beads were measured as 0.21±0.01 µm/s (mean±SEM, n=53) along MTs attached on a PLL-coated 
surface, 0.28±0.01 µm/s (n=71) along MTs attached on an inactive kinesin-coated surface and 0.33±0.01 µm/s 
(n=51) along suspended MTs (Figure 3). The motion along MTs immobilized on a PLL-coated surface resulted in 
the slowest motion while the motion along suspended MTs was the fastest. 

We tested the molecular detection performance along MTs attached on a PLL-coated surface (attached MTs) and 
MTs bridged between parallel walls (suspended MTs). For both cases, bead velocity was compared on untreated 
MTs (control) and on MTs that were briefly exposed (5 minutes) to 1 µg/ml solution of tau protein. The average 
kinesin-coated bead velocity was measured depending on the selection criteria. A decrease of average velocity 
between motion along tau-exposed MTs and non-tau exposed MTs was detected, indicating the tau binding to MTs.  

The change in velocity was more pronounced in the suspended case although the same experimental procedure 
was used for both cases (Figure 4). The average velocity along tau-exposed attached and suspended MTs were 
91.1% and 89.8% of the corresponding normal control, respectively (n=39 for each case). The decrease in the 
normalized average velocities did not show extreme difference between two cases (1.3%). However, the suspended 
MTs demonstrated higher significance (p=0.014) than the attached MTs (p=0.065). The significant difference with 
95% confidence was achieved only along the suspended MTs. The difference between the t-tests indicated that 
suspended MT based system provided much higher sensitivity compared to the attached MT (on PLL-coated 
surface) case. 

One possible reason why motion along suspended MTs (Figure 1c) was the fastest of all three cases could be due 
to existence of twisted microtubules. [6] In vitro polymerization of MTs frequently results in different number of 
protofilaments e.g. 12 or 14, causing twist in the microtubule lattice. Usually, in vivo assembled microtubules are 
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composed of 13 protofilaments, along which kinesin molecules move straight. However, twisted microtubules cause 
kinesin molecules to move around the axis of the MTs. For suspended MTs, 0.49 µm beads could freely move 
around MTs located at 2 µm above the surface. On the other hand, motion along attached MTs, might be disturbed 
by a glass surface, which can block the motion of kinesin molecules. When a kinesin molecule on a bead 
encountered glass surface, the bead could pause until another kinesin molecule on the bead took the lead and 
resumed the motion on a different protofilament. As a result, average velocity of the kinesin-coated bead motion 
along the suspended MTs was faster since kinesin switching due to twisted MTs was not an issue. 

In the case of PLL-coated surface, electrostatic interaction might cause additional effect on the kinesin motion. 
PLL is a polycation that can bind on negatively charged MTs. Similarly, kinesin heads are positively charged and 
they bind on the negatively charged MTs with electrostatic interaction. [7] Therefore, when kinesin heads are in the 
close proximity of the PLL coating, kinesin heads might be repelled disturbing the motion. This could be one of the 
reasons why motion along PLL-coated surface was the slowest of all conditions. 

 

 
Figure 3. Graph showing the average transport 

velocities of kinesin-coated beads for different 
immobilization conditions. Motion along 
microtubules on PLL coating, kinesin coating and 
suspended microtubules were performed. n = 52, 71 
and 57 respectively.  

 

 
Figure 4. Graph showing average transport 

velocities along tau-exposed MTs and non-tau 
exposed MTs. Two different cases (attached MTs and 
suspended MTs) were examined. As the average 
velocities of the attached case were slower, for better 
comparison, normalized velocities were used. p 
values of t-tests show higher significance of the 
suspended MT case (n = 39 for each case) 
 

 
Conclusion 
We have proposed a new geometry for MT-based bead assay, i.e. suspended MTs, and investigated three 

different MT immobilization: (1) on a PLL-coated glass surface, (2) on an inactive kinesin-coated glass surface, and 
(3) between micromachined parallel walls. Kinesin-coated bead motion along suspended MTs was the fastest while 
kinesin-coated bead motion along attached MTs on a PLL-coated surface was the slowest. Then, we have compared 
those two cases based on their performance on protein detection. Proposed suspended MTs provided higher 
sensitivity. As MTs are essential components of intraneuronal transport, higher sensitivity in a reliable in vitro 
system utilizing MTs leads to detection systems used for drug discovery and diagnostic devices of diseases such as 
neurodegenerative diseases.    
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SINGLE CELL-LIPOSOME FUSION FOR DELIVERY OF MOLECULES 
INTO THE CYTOSOL  

Phillip Kuhn, Klaus Eyer and Petra S. Dittrich 
Department of Chemistry and Applied Biosciences, ETH Zurich, Switzerland 

 
ABSTRACT
    We developed a microfluidic device for adjacent positioning of cells and vesicles to analyze the fusion of the 
natural and artificial membranes. Additionally, this allows the delivery of different types of vesicle-encapsulated 
molecules into single cells. 
 
KEYWORDS 
liposomes, fusion, single cells, lipid

 
INTRODUCTION 

The fusion of lipid membranes is an essential process in nature, e.g. during endo- and exocytosis or viral 
infection. [1] The ability of artificial lipid membranes to fuse with the cell membrane is also exploited in a process 
called lipofection, which is routinely used to transport membrane-impermeable molecules, such as DNA, into the 
cell. However, mechanistic studies to understand the fusion processes are challenging, because of the difficulty to 
bring a defined number of liposomes in close contact to the cell, and to induce the fusion at a predefined time. 
Besides the fundamental understanding, these studies help to improve the typically poor lipofection efficiency, 
which could ultimately lead to novel, cell-targeting therapeutic strategies, e.g. against cancer. Here, we propose a 
novel method to fuse cell and vesicle membranes.  

 
EXPERIMENT

The microfluidic device fabricated from PDMS and covered by a glass coverslip facilitates both the trapping of 
single cells in an integrated array of 576 geometric hurdles, [2] and immobilization of small unilamellar vesicles 
(SUVs) below the cells on discrete spots (Figure 1).  

 

 

Figure 1. Schematic of the microfluidic device for liposome-cell fusion. a) Device with 8 microhurdle arrays, 
each allows trapping of 72 cells. All fluids are driven through the chip from the fluid reservoir via suction. b) 

Liposomes are immobilized on spots (shown in orange) on the glass surface under the cell traps before the cells 
(shown in green) are trapped. c) Side-view of the trapping site. The inset shows a magnification of the molecules 

used for liposome immobilization (bBSA;avidin;biot-PEG-chol). 
 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  710



Before the microchip is assembled, the glass plate is patterned with biotinylated BSA (bBSA) by microcontact 
printing to produce binding sites for the vesicles. After bonding, the channels are subsequently flushed with (i) BSA 
to block the remaining surface, (ii) with avidin that binds to the bBSA, and (iii) with biotin-PEG-cholesterol.  

 
Finally, SUVs encapsulating 100 mM calcein were prepared from DOPG and DOPE (17/83 mol%, ca. 5 mol% 

R18). supplied at low flow rates and incubated for a few minutes, which enabled convenient and efficient 
immobilization on the designated areas due to the insertion of cholesterol into the lipid membrane.  

 
Next, cells in suspension (CHO or U937) were captured in the designated cells traps directly above the vesicles 

(Figure 2).  
 
 
 
 

 
 
 

Figure 2. The membrane dye R18 diffuses into cells after fusion. Left: Brightfield image of trapped cells. White 
lines indicate where the liposomes are immobilized. Right: Wide-field fluorescence image of R18 in liposomes and in 
cell membranes after fusion (10 min pH 5, followed by 20 min at pH 7.4 for diffusion of R18 dye). Scale bar: 30 !m. 

 
 
 
RESULTS 

We studied the immobilization and fusion of cells by using total internal reflection fluorescence (TIRF) 
microscopy and wide-field microscopy.  

 
A fluorescence-dequenching assay with two fluorophores was employed to visualize the process (Figure 2, 3). 

The red-fluorescent hydrophobic R18 was used to observe the fusion of the lipid membrane, and green-fluorescent 
hydrophilic calcein was used to prove the release of the vesicles' content into the cells.. The fusion of the vesicle and 
cell membrane was induced by changing the pH from 7.4 to 5 and is mainly driven by the high DOPE content as 
reported before. [3] Indeed, the fluorescence intensity of both fluorophores increased after the pH drop, which 
proved the fusion of the cell membrane with the vesicle membranes.  

 
The fusion process occurred within a few seconds, while the diffusion of the fluorescent dyes into the cell 

membrane (R18, Fig. 2) and into the cytosol (calcein, Fig. 3) proceeds on a longer time scale (minutes). 
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Figure 3. Fusion of liposomes at low pH. a) Here, the cell trap is occupied by two cells, both are in contact with 
the liposome spot visualized by calcein-fluorescence. b) and c): TIRF images of calcein fluorescence at (b) pH 7.4 
and (c) pH 5. Calcein is released into cells and dequenched after the pH drop. d) Calcein fluorescence intensity of 

the two cells shown in a). After the pH is dropped from pH 7.4 to pH 5, the fluorescence intensity increases because 
calcein diffuses into the cytosol indicating the successful fusion. All Scale bars: 10 !m 

 
 

CONCLUSIONS 
This method facilitated the transport of hydrophobic (R18), hydrophilic (calcein) and amphiphilic (lipids) 

molecules from vesicles into single cells and hence, allows for kinetic and mechanistic studies. Moreover, it can be 
easily applied to study fusogenic processes of viruses and cells.  
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PATTERNING OF BIOMOLECULES IN EXTENDED NANOCHANNEL 
USING LOW-TEMPERATURE BONDING 
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ABSTRACT  

Single cell analysis has difficulties due to small sample volume as picoliter. Extended nanospace(10-1000 nm) which has 
been studied by our group has femtoliter to attoliter volume smaller than single cells and is applicable for the analysis. How-
ever, solid phase capture of analytes at defined positions for detection has not yet realized. Here, we developed a novel pat-
terning method of biomolecules in extended nanospace by using low temperature bonding of fused silica, which avoids de-
struction of organic molecules by thermal bonding. Patterned probe DNA showed good selectivity and stability, and fast 
hybridization time was observed in nanochannels. The method can be applied to immunoassays for protein quantification. 

KEYWORDS: Single cell analysis, Extended nanospace, Low-temperature bonding, Patterning, Immunoassay 
 

INTRODUCTION 
Recently, the importance of single cell analysis is increasing 

in basic research of biology and diagnosis of cancers[1]. Howev-
er, difficulties in analysis exist due to extremely minute volume 
as picoliter and a lot of impurities, novel analytical technologies 
are highly demanded. Our group has studied about extended 
nanospace which size is from 10 to 1000 nm fabricated on fused 
silica substrates and developed several analytical methods[2]. As 
shown in figure 1, the features of extended nanospace are ex-
tremely small volume as femtoliter to attoliter which is much 
smaller than picoliter volume of single cell by 3 to 6 orders and 
solid phase capture of analytes without their loss by the surface 
dominant space property. If typical biological assays such as 
immunoassays are integrated into extended nanospace, very mi-
nute amount of proteins can be detected and quantified with high 
sensitivity. However, to capture analytes at defined positions in 
extended nanospace has not been achieved which is necessary 
for detection. The aim of this study is to establish surface pat-
terning method of biomolecules such as DNA  and antibodies in 
extended nanospace.  
 
EXPERIMENTAL 

Silica glass, which should be chosen as a material of micro-
chip for nanofluidic research in terms of optical property and 
rigid structure at nm-scale, are usually bonded by thermal 
bonding. As shown in figure 2, the large problem of thermal 
bonding is that biomolecules are destroyed by heat during the 
bonding process. If silica glass substrates can be bonded at low 
temperature, chemical pattern prepared before bonding can be 
used without loss of its function. We have solved the problem 
by developing a novel patterning method utilizing low tempera-
ture bonding[3]. Low-temperature bonding is the new bonding 
method by using oxygen plasma surface activation. The bonded 
microchip showed enough bonding strength leaching ~1 J/m2 
which could endure pressure-driven flow induced by several 
hundreds of kPa pressure. 

The detail of patterning method we developed is shown in 
figure 3. We generated pattern of aminopropyltriethoxysilane 
(APTES) by irradiation of vacuum ultra violet light (VUV,  = 
172 nm) through a Cr photomask. VUV light causes the excita-
tion of oxygen and reactive oxygen species degrade organic 

Fig. 1 Concept of single cell analysis system 
utilizing nano immunoassay

Fig. 2 Concept of chemical and biological patterning 
by low temperature bonding
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compounds including APTES, therefore, APTES surface re-
mained on the protected area with Cr photomask and the other 
area became clean silanol surface. By the proposed method, 
amine groups pattern is generated on the surface and at the 
same time, very clean and hydrophilic surface except the pat-
tern area can be acquired which is necessary for enough bond-
ing strength to endure pressure-driven flow. The APTES pat-
terned substrate was bonded with another one including 
micro- and nanochannels at 100 °C under 5000 N force after 
oxygen plasma surface activation. After bonding, 10 mM 
SMPB crosslinker in 20/80 DMSO/ethanol was flowed in 
nanochannel for 2 hours by pressure-driven flow at 50 kPa 
and washed with ethanol. 20 M thiol-modified probe DNA 
in 10 mM TE buffer was introduced by capillary filling and 
reacted for 3 hours resulting in covalently bonded probe DNA 
on nanochannel surface. 

 
RESULTS AND DISCUSSIONS 

In order to investigate the function of immobilized probe 
DNA, change of fluorescent intensity was observed by fluo-
rescent microscope when 100 nM texasred-labeled compli-
mentary target DNA in hybridization buffer (2xSSC, 0.1% 
SDS, 0.1% BSA) was flowed in nanochannel which width 
and depth was 3.3 m and 500 nm each. As shown in figure 
4(a), distinct pattern was observed at ~48 m width corre-
sponding to 50 m photomask width. DNA sequence selectiv-
ity was confirmed because non-complimentary DNA did not 
show any increase of intensity as in figure 4(b). The density 
of surface bound target DNA was determined from the fluorescence intensity as 1.7 x 1011 molecules/cm2 which was compa-
rable to previous reports. Next, stability of probe DNA was confirmed because repeatable use of immobilized molecules is 
important for the analytical applications in the future study such as making a calibration curve in immunoassays. As shown in 
figure 4(c), during three cycles of hybridization and denaturation by 8 M urea which cleaved hydrogen bonds between base 
pairs was repeated, about 16 times difference of intensity in average between hybridized and denatured step was observed. 
The base intensity after denaturation was almost constant which indicated that the specifically surface bound target DNA was 
removed by 8 M urea denaturation process. From these results, we concluded that we have succeeded in patterning DNA 
molecules in nanochannels without loss of their function. 

 

 
Fig. 4 (a)Complimentary DNA hybridized (b)non-complimentary DNA (c)stability of immobilized probe DNA 

 

Fig. 3 Procedure of DNA patterning method using 
low temperature bonding
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Generally, reaction time in biological assay is long and it of-
ten determines total assay time. Especially in case of assays 
which involve surface reaction between solid and liquid phase, 
reaction time is longest from plates, microwells and 
microchannels which is corresponding to the surface-to-volume 
ratio. In terms of this point, we can expect short reaction time in 
extended nanospace because it has about 500-1500 times larger 
surface-to-volume ratio than microwells and microchannels. To 
investigate hybridization kinetics, we observed time course 
change of fluorescent intensity. As in figure 5, the intensity sat-
urated from upstream to downstream, and reaction reached to 
equilibrium within about 20 seconds when 100 nM target DNA 
was introduced. Compared with reaction time in microchannels 
which were reported as several minutes[4], it was decreased by 
1 order. It is considered that the fast hybridization time comes 
from short molecular diffusion length in nm-scale depth of ex-
tended nanospace and increased probabilities of rebinding be-
tween probes and targets. Precise investigation of reaction kinet-
ics is now ongoing. 
 
CONCLUSION 

We developed a novel patterning method of biomolecules on the surface of extended nanospace using low temperature 
bonding. Patterned probe DNA showed good selectivity and stability without loss of function. In extended nanospace, hy-
bridization time seemed to be faster than in microchannels due to short diffusion length and increased probabilities of rebind-
ing. In the future, this method will be applied to sensitive and fast immunoassays utilizing immobilized probes as templates 
for generation of primary antibodies, and protein quantification of single cells. 
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ABSTRACT

In this work, we propose a novel method for the colorimetric screening of oligonucleotide based on the 
hybridization-mediated growth size of gold nanoparticle probes. DNA targets which are complementary, three 
mismatched and uncomplimentary to the probes can be apparently differentiated by the proposed method that enables a 
short duration of the colorimetric detection in 1 min with satisfactory detection limitation of the targets 100 nM. We 
believe that this method is able to be applied to the point-of-care screening and the single-nucleotide polymorphism 
(SNP) diagnosis of oligonucleotide if the whole assay process is optimally modified. 

 
KEYWORDS

Colorimetric screening, gold nanoparticle, oligonucleotide, hybridization 
 

INTRODUCTION
Gold nanoparticles (AuNPs) are increasingly applied in biochemistry and engineering because of their 

size-dependent optical properties, great surface modifiability and biocompatibility [1]. A colorimetric method to 
identify DNA was proposed involving cross-linking DNA hybridization, utilizing nanoparticles capped with probe 
DNA to detect target DNA [2]. Another colorimetric method was demonstrated to detect a terminus-single-base 
mismatched DNA target by non-cross-linking DNA hybridization [3]. For a rapid and facile DNA screening, we report 
a novel approach to identify DNA samples colorimetrically based on the growth size of the AuNP probe dominated by 
the hybridization characteristics between the probe and samples. This approach has advantages relative to previous 
methods [2,3]: no requirement of temperature control, satisfactory detection limitation of DNA (~ 100 nM), and brief 
colorimetric duration (< 1 min). 

EXPERIMENT
Figure 1 Figure 1 illustrates our scheme to screen DNA colorimetrically. Initially, AuNP modified with probe DNA 

(PDNA), termed AuNP probe, hybridizes with DNA samples in the split-and-recombination microreactor (SAR 
-reactor) [4]. The mobile hybridization [5] of the probe and samples occurring in the SAR -reactor achieves 
complete hybridization in less than ten seconds, a duration much less than for traditional static hybridization, indicating 
that the microreactor improves the rapidity of this scheme. The hybridized AuNP probes are collected in a centrifuge 
tube, followed by addition of NH2OH and HAuCl4 in sequence so as to induce the reduction of gold metal on the 
probes [6]. The hybridization characteristics between probes and samples are strongly related to their complementarity, 
and affect the growth of the hybridized probes and the resulting colorimetric properties.  

Figure 2 shows the colorimetric results from various DNA samples, specifically target DNA (TDNA), 
single-mismatched DNA (SMDNA), three-mismatched DNA (TMDNA), and fully uncomplementary DNA (UNDNA) 
(Table 1). The hues for TDNA and SMDNA are both blue whereas those for TMDNA and for UNDNA are purple and 
pink; the probes without additional DNA grow to exhibit pink. TDNA, TMDNA and UCDNA are differentiable with 
this scheme by naked eyes. Figure 3 shows the surface plasmon resonance (SPR) maximum is at 562 nm for 
UCDNA-hybridized AuNP probes, near that for no DNA-hybridized AuNP probe, implying these hybridized probes 
have similar growth sizes (~ 80 nm). The UCDNA is least likely to affect the growth of the probes because the 
hybridization (binding strength) between the UCDNA and the probes is weak. Compared to no DNA-hybridized AuNP 
probe, the SPR maximum of TDNA-hybridized AuNP probes reveals a significant red shift (from 562 to 605 nm) on 
the addition of the TDNA, whereas a moderate red shift of the SPR maximum occurs from 562 to 588 nm on the 
addition of the TMDNA. The growth sizes of the probes are hence increased with the increasing binding strength and 
with the decreasing extent of mismatch between the probes and samples, confirming the concept of our approach. We 
intend to improve the differentiation between TDNA-hybridized AuNP probes and SMDNA-hybridized AuNP probes 
by modulating the buffer solution. 

This approach involving a microreactor technique to decrease the duration of DNA hybridization and a novel 
AuNP-based colorimetric assay is promising to realize facile and reliable DNA screening.   
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Figure 1. Schematic illustration of the hybridization-mediated growth of gold nanoparticle probes for rapid 
DNA screening. DNA samples and AuNP probes are separately dissolved in buffer solutions (0.2 M NaCl), 
and are respectively injected into the SAR -reactor (channel length 105 mm) to hybridize; the hybridized 
AuNP probes solution is collected. NH2OH (15 mM, 40 L) and HAuCl4 (1mM, 10 L) are added to the 
solution in sequence to perform growth (synthetic reaction) of the hybridized AuNP probes for 30 s. 

 
Table 1.  Sequence of probe and DNA samples used in this work. 

 

 

 

 

 

 

 

 

 

Figure 2. Experimental photographs of various regions (a to g) of the device (Case B). Scale bar = 100 m.

DNA (oligonucleotide) Sequence ( 5’ to 3’) 

Probe DNA (PDNA) GAGCTGGTGGCGTAGGCAAG 

Target DNA (TDNA) CTTGCCTACGCCACCAGCTC 

Single mismatched DNA (SMDNA) CTTGCCTACTCCACCAGCTC 

Three mismatched DNA (TMDNA) CTTGCCTACTTTACCAGCTC 

Uncomplementary DNA (UCDNA) TTTTTTTTTTTTTTTTTTTT 
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Figure 3. UV-visible spectra of various hybridized probes after growth (reduction of gold metal on the surface 
of the probes). The SPR maxima for TDNA-hybridized, SMDNA-hybridized, TMDNA-hybridized, 
UCDNA-hybridized and no DNA-hybridized AuNP probes are at 605, 604, 588, 562 and 563 nm respectively. 
Scale bar in TEM images is 100 nm. 
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ABSTRACT 
    This work reports a versatile platform for manipulation and sensing of biological molecules based on electrode 
nanogaps, which function as dielectrophoresis-enabled molecular trapping templates as well as spectroscopic and 
nanoelectronic detection substrates. On a chip, an array was constructed of Ti/Al nanoelectrode pairs with gap 
dimensions ranging from few tens of nm to <10 nm.  During the molecular trapping process, ionic current 
measurements across the nanoelectrodes were used to detect trapping of a protein in the gap. Concurrent recording of 
time-dependent Raman spectra provided evidence of molecule(s) appearing in the nanogap. 
 
KEYWORDS 
Multi-functional Molecular Analysis, Surface-enhanced Raman Spectroscopy, Nanoelectronics, Dielectrophoresis. 

 
INTRODUCTION 

Metallic electrode nanogaps, aided by the application of AC and DC electric fields in aqueous solutions, are able to 
generate a non-uniform electric field that exerts forces on polarizable dielectric particles, giving rise to the phenomenon 
of dielectrophoresis (DEP) [1,2]. DEP has been employed to attract, e.g., large biological molecules in the inter-electrode 
space. Trapping has been observed down to the level of a single/few molecule(s) [3]. On the other hand, electrode 
nanogaps are able to enhance optical near-fields, leading to a dramatic enhancement of Raman spectra of target 
molecules in the junctions [4]. This work demonstrates the use of metallic nanostructures to capture freely diffusing 
proteins present in an aqueous solution, and simultaneously characterize the capturing process both spectroscopically and 
electronically in a time-dependent manner. 

 
EXPERIMENT 

An array of 50 nm thick Ti/Al nanoelectrode pairs, with gap dimensions ranging from few tens of nm to <10 nm, 
were fabricated on an open top 7x7 mm2 thermally oxidized Si chip with electron-beam lithography, e-gun metal 
evaporation followed by a lift-off process. The chip has predefined microelectrodes that were constructed on a wafer 
scale by means of positive-tone photolithography, thermal evaporation of a Ti/Au bilayer and liftoff with an acetone soak 
assisted by low-power sonication. Microelectrodes have contact pads for wire bonding interconnections to a printed 
circuit board for electric voltage application, current amplification and data acquisition (Figure 1). 

 

 
Figure 1.  (a) Electrode nanogaps on a chip (scanning electron micrographs, b and c).  (d) Computer-controlled 

integrated circuit board with field application, current amplification and data acquisition capabilities. 
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R-phycoerythrin (RPE), a 240 kDa protein of a disk-like shape with a diameter of 11 nm and a thickness of 6 nm 
from red algae [3], was used for the trapping experiments. RPE was cassette dialyzed in PBS buffer, then diluted to nM 
and sub-nM concentrations.  A small fluidic chamber cut out from a double-sided adhesive tape (70 µm thick) was used 
to encapsulate a 2 µL droplet of protein solution. The chamber was sealed against evaporation by a coverslip of 5 mm 
diameter. 

 
Raman spectra were acquired using a Horiba Labram 2 confocal Raman microscope with a HeNe laser (633 nm) as 

light source. 
 
RESULTS AND DISCUSSION 

To identify a “hotspot” for easy sample scanning, Raman spectral maps were first acquired from across an extended 
region around the gap between the metal electrodes on grid shown in Figure 2(a). The integrated intensity of the Si peak 
at 520 cm-1 is shown in Figure 2(b). The position where the maximum intensity obtained was identified as a "hotspot", 
and was used for subsequent time-dependent measurements with loaded protein samples.  

 

 
Figure 2.  Raman spectral maps in the inter-electrode region (a: grid, b: integrated intensity between 500-550 cm-1, 

inset: image of the board under a confocal Raman microscope). 
 

Upon the application of a voltage across the nanoelectrodes and the subsequent onset of dielectrophoresis, an increase 
in current is observed (Figure 3), which is absent in experiments without proteins (negative controls). The increase in 
current is related to protein bridging of the gap during a “field-on” acquisition period. Due to the limited number of 
protein molecules in the vicinity of the trap at the concentrations used here one can infer that only few molecules are 
trapped, and that trapping occurs on a molecule-by-molecule basis. 

 
Figure 3. Negative control (upper) and electronic signature of RPE trapping across nanoelectrodes in PBS buffer 

(lower) with RPE concentration of 40 nM, DC bias 0.1 V, and AC signal of 1 Vpp at 1 MHz. 
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Time-dependent Raman spectra (Figure 4) show an increase in the fluorescence background, as well as the 
appearance of a number of vibrational modes concurrent to the increase in current. This observation confirms the 
presence of protein molecules in the hotspot region. The Raman spectra show several peaks which are characteristic for 
aromatic amino acid side chains [5], in particular tyrosin. In addition, a peak at ~1570 cm-1 is characteristic for 
carboxylate groups [6].  

 
Figure 4.  Time-lapse Raman spectroscopy from RPE in the vicinity of a nanogap during a trapping event. 

Appearance of peaks after few seconds of field application confirms protein trapping in the nanogap region. 
 

Simultaneous fluorescence microscopy with electronic detection was performed in a later experiment to confirm the 
trapping of a small number of protein molecules under the same electric field conditions used to obtain the Raman 
results.  

 
CONCLUSIONS 

Trapping of a low number of protein molecules has been initiated by DEP. The time evolution of the trapping events 
has been traced by simultaneous electronic detection of the current and acquisition of Raman spectra.  The 
nanoelectrode DEP-enabled system is suitable for multi-functional molecular analysis with simultaneous spectroscopic 
and electronic characterizations at single/few molecules level. 
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DEVELOPMENT OF METHOD FOR SIMULTANEOUS  
MEASUREMENT OF VISCOSITY AND SURFACE TENSION FORCE IN  

BIO-MIMETIC EXTENDED-NANO SPACE  
Lixiao Li，Yutaka Kazoe，Kazuma Mawatari，Yasuhiko Sugii and Takehiko Kitamori 

School of Engineering, The University of Tokyo, Japan 
 
ABSTRACT 

Understanding fluid and interfacial properties in inter/intracellular space is crucial for biological system. Here, an 
in vitro method to simultaneously measure the viscosity and wetting property was developed using capillary filling 
controlled by MPa external pressure in bio-mimetic extended-nano space (101-103 nm) which mimicked 
inter/intracellular space (101-103 nm). Bio-mimetic extended-nanoconfinement effect on water properties was 
evaluated. It suggested that specificity of two-dimensionally nanoconfined channel, in which the viscosity showing 
much higher values than bulk, while wetting property is independent on bio-mimetic extended-nanoconfinement. 
This study will offer a deeper understanding of biological fluid and also contribute to biological system design. 
 
KEYWORDS 
Bio-mimetic extended-nano space, viscosity, surface tension force, nanofluid, capillary flow 

 
INTRODUCTION 

Cells communication plays significant role in biological system, like signaling and regulation. It was reported 
that cells communicated through inter/intracellular space of 101-103 nm such as synapse and tunneling nanotube. [1, 
2] The communication is achieved by transferring ions, metabolites, and small signaling molecules via 
inter/intracellular space. Therefore, clarifying the liquid properties in inter/intracellular space is crucial. In previous 
work, specific liquid properties, like higher viscosity and higher proton mobility in intercellular space have been 
suggested in vivo [3]. However, it is difficult for in vivo study to control the space size, focus on specific molecules 
and exclude the effect of cell and macromolecule, thereby detailed analysis has not been achieved which strongly 
limited the investigation of cellular communication mechanism in biological system.  

As micro/nanotechnologies have been rapidly developed, miniaturized system for biology and analytical 
chemistry are shifting from microspace to nanospace. Our group focused on 101-103 nm space, called extended-nano 
space, which is a transitional region from single molecules to condensed phase. Since size of the space and fluid 
flow can be accurately controlled, the previous work revealed specific liquid properties such as higher viscosity, 
lower permittivity and higher proton mobility. Based on these results, we proposed a model of proton transfer phase 
where water molecules are loosely coupled within the wall of 50 nm. [4] Since extended-nano space have the 
similarity to inter/intracellular space in size and specific liquid properties, recently, we successfully developed 
bio-mimetic extended-nano space by modifying lipid bilayers in fused-silica nanochannel and also found higher 
proton mobility. [5] However, it is lack of the method for analyzing fluid and interfacial properties in bio-mimetic 
extended-nano space which limits further understanding of cells communicational mechanism by molecular 
diffusion, convection and interaction with cell membrane. Therefore, in this study, a simultaneous method to 
measure the viscosity and wetting property in bio-mimetic extended-nano space was developed.  

 
CONCEPT 

Figure 1 illustrates a schematic of in vitro simultaneous measurement of fluid and interfacial properties in 
bio-mimetic extended-nano space. 
Bio-mimetic extended-nano space is created 
by lipid bilayers modification to fused-silica 
nanochannel. To simultaneously evaluate 
fluidic and interfacial properties in 
bio-mimetic extended-nano space, a method 
based on measuring capillary filling speed was 
developed, since capillary flow is a dominant 
phenomenon in nanospace. Capillary filling is 
dependent on both fluidic and interfacial 
properties, however, to investigate the fluidic 
property, most of previous studies alternatively 
have taken the effect of wetting dynamics into 
account by evaluating contact angle in the bulk 
scale, the simultaneous measurement of fluidic 
and interfacial properties in nanospace has 
never been realized. In present study, an 
external pressure Pex with MPa order is 
applied to the liquid in the nanochannel to 

Figure 1. Schematic of in vitro simultaneous measurement of 
viscosity and wetting property in bio-mimetic extended-nano 
space. 
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control the capillary flow, since Laplace pressure in nanospace is MPa order. In addition, because lipid bilayers will 
denature when the temperature is over 40 degree, control of receding capillary filling is considered to be used. The 
pressure balance from Laplace pressure, external pressure and fluidic resistance of the capillary filling in the steady 
state is expressed as follows:  

Square channel (square cross section): θ
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where x = x(t)x0(t0) is the meniscus displacement from a reference position x0 andt = t – t0 is the time 
difference, is the surface tension and  is the dynamic contact angle. Eqs 1 and 2 show that a ratio between the 
square of meniscus displacement and the time difference, x2/t, linearly varies with the external pressure Pex. 
Therefore, the viscosity and the surface tension force defined as a force parallel to the channel derived from the 
surface tension, cos, can be obtained from a slope and intercept of a fitting line between x2/t and Pex. 
 
EXPERIMENTAL 

(1) Nanofabrication and lipid bilayers modification 
Nanochannels were fabricated on the synthetic silica glass substrate by the fabrication scheme presented in the 

previous work. [4] The size of nanochannel was accurately measured by scanning electron microscope (SEM) for 
width and atomic force microscope (AFM) for depth before bonding. Nanochannels and microchannels were 
designed to minimize hydrodynamic effect of microchannel on nanochannel less than 1%. 

The nanochannel was modified by dioleoylphosphatidylcholine (DOPC) to form lipid bilayers to create 
bio-mimetic extended-nano channel as presented by previous work. [5] Briefly, dioleoylphosphatidylcholine 
(DOPC) was mixed with Texas Red-DHPE with ratio of 99:1 in CCl3. After removing CCl3, the mixture was added 
into 1 mM NaCl solution and turbid vesicle solution was formed. The turbid vesicle solution was frozen in liquid 
nitrogen to make single vesicle. After filtration by the Mini-Extruder, single vesicle solution was introduced into 
nanochannel by syringe pump with flow rate of 50 L/h. Vesicles were extended and adsorbed on the channel 
surface. Afterwards the plus unmodified vesicles were removed by water rinsing.  

 
(2) Measurement system 
As shown in Figure 1, MPa external pressure was supplied by high pressure system developed by our group to 

control receding capillary filling motion. The filling process was simultaneously recorded by inversed microscope 
equipped with high speed camera (1000 frames/s) in inverted bright-field. To neglect pressure drop of gas, the liquid 
length in the nanochannel should be sufficient making fluid resistance much larger than gas resistance.  
 
RESULTS AND DISCUSSION 

 
Viscosity and wetting property were simultaneously investigated by control of receding capillary filling with 

MPa order external pressure. The filling image is shown in Figure 2 selecting from the filling video recorded by 
microscope and high speed camera. It was showed that by utilizing the MPa order external pressure, receding 
capillary flow can be successfully controlled and simultaneously measurement method for liquid viscosity and 
wetting property was established.  

Figure 3(a) shows measured viscosities of water as function of the representative channel size in bio-mimetic 
extended-nano space. For square channel with two-dimensional nanoconfinement, with size deceasing, the viscosity 
increased and amounted up to almost 4 times of bulk value in around 400 nm square bio-mimetic nanochannel. In 
our previous work, higher proton mobility in bio-mimetic extended-nano space was reported and a loosely coupled 
water molecules by hydrogen bond in the vicinity 
of wall was suggested. The higher viscosity in 
square bio-mimetic nanochannel suggested that a 
specific water layer is induced in the square 
bio-mimetic nanochannels. On the other hand, in 
plate bio-mimetic nanochannel with 
one-dimensional nanoconfinement, the viscosity 
is the same as the bulk value and that result 
suggested that the specific water layer appeared 
just in two-dimensional bio-mimetic 
nanoconfinement. In biological system, the 
tunneling nanotube intercellular space is like 
two-dimensional nanoconfinement, while synapse 
possessed one-dimensioanlly nanoconfined space 
like plate nanochannel. The study result revealed 
that the specific fluid property in tunneling 
nanotube and not in synapse. Figure 3b shows the 

Figure 2. Instaneous image of receding capillary flow in lipid 
bilayers modified extended-nano channel. 
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surface tension force cos as function of the channel 
size. Obvious dependency of the wetting property on 
the channel size and confinement dimension is not 
observed, in contrast to the viscosity. From a viewpoint 
of theory, it is well known that the dynamic wetting is 
described by two models, the hydrodynamic models 
strongly related to the fluid property and the molecular 
kinetic theory determined by interactions between 
several layers of liquid molecules and the surface. Since 
the significant difference of viscosity between square 
and plate nanochannels as shown in Figure 4a is not 
reflected to the surface tension force, the wetting 
dynamics in extended nanospace is considered to be 
governed by the molecular kinetic theory. Therefore, 
the results suggest that the wetting property is 
dependent on spaces much smaller than extended 
nanospace, as proposed by the molecular-kinetic theory 
considering interactions between the surface and 
several-layered liquid molecules, which have similar 
scale to the adsorbed water layer. 
 
CONCLUSION AND PERSPECTIVE 

The method for in vitro simultaneous analysis of the 
fluid and interfacial properties for inter/intracellular 
space was successfully established. Water viscosity and 
surface tension force in extended-nano space was 
investigated with varying space size and dimension. 
The results indicated that the intercellular space 
geometry has effect on the water viscosity and wetting 
property was regulated by the space size smaller than 
bio-mimetic extended-nano space. This method will 
play significant role in evaluation of biological fluid 
behavior in inter/intracellualr space and have 
contribution to exploration of bio-nanofluid dynamics 
and development of novel biological system. 

Figure 3. Bio-mimetic extended-nano geometric effect on 
water viscosity and wetting property. 
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WASHING-FREE ALL-IN-ONE IMMUNOSTAINING REACTION OF
MULTI-STEP QUANTUM DOT LABELING REAGENTS 

Seyong Kwon, Chang Hyun Cho, Je-Kyun Park 
Department of Bio and Brain Engineering, KAIST, REPUBLIC OF KOREA 

 
ABSTRACT

We firstly propose a novel immunostaining device which enables simultaneous reaction of multi-step labeling 
reagents in a microfluidic device. A microfluidic diffusion of the primary and quantum dot (QD)-labeled secondary 
antibodies (Abs) with a continuous flow in a microchannel induces sequential immunoreactions without additional 
washing steps, maintaining target antigen-binding sites of primary Abs. To ensure homogeneous dispersion of both 
primary Abs and QD-labeled secondary Abs on the protein coated surface, a T-shaped microchannel with slanted 
ridges on top of the channel was exploited to induce homogeneous dispersion of two Abs on the target protein coat-
ed region.  
 
KEYWORDS
Microfluidics, Immunoassay, Immunocytochemistry, Quantum dot, Protein array 

 
INTRODUCTION

Fluorescence-based immunoassays using quantum dot (QD) nanoparticles are used to measure a fluorescent col-
or change of QD-labeled secondary antibodies (Abs) as the signal for the presence of analytes [1]. This indirect im-
munolabeling or immunostaining method generally requires several incubation and washing steps, in which each 
process still remains a laborious and time-consuming work (Figure 1A). Here, we present a new microfluidic im-
munostaining device which enables all-in-one reaction of multi-step labeling reagents simultaneously. A microfluid-
ic diffusion in a continuous flow yields sequential immunoreactions of primary and QD-labeled secondary Abs on 
the immobilized proteins without washing steps, conserving antigen-binding sites of Abs. Figure 1B depicts a sche-
matic illustration of this phenomenon, showing that the primary Abs and QD-labeled secondary Abs in a micro-
channel are sequentially conjugated to target proteins by flows along each streamline. 

 
  

 
 

Figure 1. Comparison of immunoreactions between (A) a conventional sequential staining method with washing 
steps and (B) a microfluidic immunostaining method without washing steps. (A) After binding of primary Abs to tar-
get proteins, quantum dot (QD)-labeled secondary Abs are conjugated to primary Abs with several washing steps. 
(B) A steady flow in a microchannel maintains target antigen-binding sites of primary Abs, reducing the formation 
of undesired immunocomplexes. Accordingly, primary Abs and QD-labeled secondary Abs are sequentially conju-
gated to target proteins by flows along each streamline. 

EXPERIMENTAL 
To demonstrate a protein assay, carcinoembryonic antigen (CEA) protein, rabbit anti-CEA Ab, QD605 (QD with 

an emission peak of 605 nm)-labeled goat anti-rabbit Ab were used. CEA proteins were patterned on the aldehyde 
activated glass to make a protein array. Briefly, CEA proteins were dissolved in PBS (pH 7.4, 40% glycerol) and the 
proteins were immobilized on the aldehyde activated slide through microchannels. After 1 h incubation on the glass 
slide, microchannels were removed to wash out the unbound Abs. After the blocking process with PBS containing 
3% BSA, rabbit anti-CEA and QD605-labeled secondary Abs were incubated sequentially. 

The cell block preparation was described in our recent work [3]. SK-BR-3 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 IU ml−1 penicillin, and 
100 mg ml−1 streptomycin. To make cell blocks, the harvested cells were centrifuged. After the fixation process in 
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formalin, cells were suspended in agar. Paraffin embedding process was followed to produce cell blocks. The cell 
blocks were then sectioned with 4 µm thickness using microtome. The sections were then mounted and baked onto 
positively charged slides, and they were performed to dry for 1 h at room temperature, followed by 1 h in a convec-
tion incubator at 60°C.  

 For the microfluidic all-in-one staining, bottomless microfluidic channels were mounted on the protein patterned 
slides or cell block slides. A weight was given to the microfluidic device to avoid any leakage between the microflu-
idic channel and the cell block slides. Two inlets of the microchannels then connected with syringes, primary and 
QD-labeled secondary Abs were injected to each inlet using pumps. 
 
RESULTS AND DISCUSSION 

To compare whether a mixture of Ab reagents (primary Abs and QD-labeled secondary Abs) can be captured on 
the target proteins under static (no flow) conditions, immunoreactions were carried out in  the form of a mixture of 
Ab reagents or by two-step sequential reactions of Abs with washing steps (control). Anti-carcinoembryonic antigen 
(CEA) Ab and QD605-labeled goat anti-rabbit Ab were mixed prior to incubation. In contrast with control data, no 
QD signals were detected after incubation of primary Abs and QD-labeled secondary Abs on the CEA-coated glass 
slide (Figure 2). This is because antigen binding sites of primary Abs were fully blocked with secondary Abs before 
the incubation of Ab mixtures on the CEA-coated glass slide. Meanwhile, a simple T-shaped microchannel used for 
the verification of the microfluidic immunostaining shows that target proteins were well conjugated with primary 
Abs and QD-labeled secondary Abs at the interface region of the microchannel (Figure 3). This means that even 
though two reagents were in the interface region, antigen binding sites of primary Abs were not fully blocked in the 
microfluidic continuous flow. 

 

 
 
Figure 2. Fluorescent images of carcinoembryonic antigen (CEA)-coated slides after incubation of primary Abs and 
QD-labeled secondary Abs. Ab reactions were carried out in the form of a mixture of reagents (left) and by two-step 
sequential reactions with washing steps (right). 
 

 
 
Figure 3. Ab mixture incubation with a T-shaped micromixer. Primary Abs were injected to the inlet 1 while QD-
labeled secondary Abs were injected to the inlet 2. (A) A microchannel is mounted on the CEA protein coated glass 
slide. (B) Fluorescence image of Ab staining in a microchannel. The signal was only shown at the interface layer 
between two laminar flows. (C,D) QD stained area (D) was similar to the interface area in CFD simulation result 
(C) at the same condition. 
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To induce homogeneous dispersion of primary and QD-labeled secondary Abs on the target protein coated re-
gion, an efficient spiral flow should be induced in the microfluidic channel to the immunostaining channel design. In 
this paper, a T-shaped microchannel with slanted ridges on top of the channel was exploited to induce a spiral flow 
at low Reynolds number [2]. Figure 4 shows a schematic illustration of one-step immunostaining device and staining 
results with this system. To ensure homogeneous dispersion of both primary Abs and QD-labeled secondary Abs on 
the protein coated surface, a dispersion zone was prepared between inlets and reaction zone. QD probes were homo-
geneously labeled on the target protein-coated region on the protein microarray or the SK-BR-3 cell block. Human 
epidermal growth factor receptor 2 (HER2) on SK-BR-3 cells was labeled with HER2 Ab and QD605-labeled sec-
ondary Ab with this system. No non-specific binding of QD605 was found by observing the HER2 localization. 

 
 

 
 
Figure 4. Schematic illustration of one-step immunostaining device and staining results. (A) Two Abs are flowed 
through the spiral flow inducing microstructures which induces an efficient dispersion of two Abs over the protein 
patterned regions under the microchannel. To ensure homogeneous dispersion of Ab mixture, the dispersion zone is 
located between inlets and the reaction zone. (B) A fluorescence image of CEA proteins stained with QD605 probes 
in a microchannel. (C) Immunocytochemistry was performed by using a section of SK-BR-3 cells mounted on a glass 
slide. The fluorescence signal was shown by human epidermal growth factor receptor 2 (HER2) Abs and QD-
labeled secondary Abs. White dotted lines indicate the wall of microchannels. 
 
CONCLUSION 

In summary, we first proposed a novel immunostaining method which enables simultaneous reactions of multi-
step labeling reagents in a microfluidic device. This one-step method will bring significant improvements in all 
kinds of immunoassays in terms of convenience, automation, and reduction of the total assay time. 
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ABSTRACT
  
Multiple layer nanoparticles offers a likelihood of success in drug delivery, as it provides a solution for a more 
controllable drug release, as with such structures, control over the capsule wall thickness, permeability, stability, and 
degradation characteristics can be achieved. Using PDMS microfluidic devices to synthesize polymeric multilayer 
micro/nanoparticles has become popular recently. The generation of complex emulsions, such as double and triple 
emulsions, is also achievable with such devices [1]. However, limitations with these devices are: (1) the 
microchannel surface property is crucial to maintain the desired flow within the microdevice; (2) droplets which 
form within the microchannels require a cross-linking agent to be solidified into particles; (3) the size of the droplets 
is limited to the size of microchannels, usually around 50-100 mm, which is too large to be used for drug delivery; 
and (4) the amount of droplets or particles produced is limited as the droplets/particles are formed one by one. 
Therefore, in this study, we present a novel technique on fast multilayer polymeric nanoparticles synthesis via 
surface acoustic wave (SAW) atomization using a microfluidic device. We are able to show (1) successful synthesis 
of nanostructure including multilayer nanoparticles, and (2) fast generation of monodispersed particles in nanosize.  
 
KEYWORDS
Surface acoustic wave, multi-layer nanoparticles, microfluidic synthesis, gene delivery 

 
INTRODUCTION

The use of nanoparticles as drug or gene carrier offer several advantages such as better drug stability, feasibility 
to incorporate both hydrophilic and hydrophobic substances, and their enhanced permeability and retention effect for 
tumor therapy [2-3]. Multilayer polymeric encapsulation provides a solution for a more controllable in-vivo drug 
release; multi-functionality can be designed for such structure by using different polymer in different layer each 
carries a different functionality. In addition, the capsule wall thickness, permeability, stability, and degradation 
characteristics in such structure can be controlled, and tailored for targeted delivery or successive releasing of drugs. 
The conventional techniques used for nanoparticle formation and encapsulation all have difficulties in getting 
nanoparticles with narrow size distribution, unless it is synthesis with the aid of emulsion, surfactant and templates. 
These methods usually consist of several complicated steps, all of which require well optimized condition to allow 
for the formation of form homogeneous dispersed single layer particles [4], let alone synthesizing layer-by-layer 
capsules. Using PDMS microfluidic devices to synthesize polymeric multilayer micro/nanoparticles has become 
popular recently. The generation of complex emulsions, such as double and triple emulsions, is also achievable with 
such devices [1,4]. However, this technique share the same limitation as emulsion based method, in addition the size 
of the droplets is limited to the size of microchannels, usually around 50-100 μm; and (4) the amount of droplets or 
particles produced is limited as the droplets/particles are formed one by one. Previously, our group showed the 
synthesis of pure polymeric nanoparticles, protein nanoparticles, and protein loaded nanoparticles via surface 
acoustic wave (SAW) atomization [5-7]. In this study, we demonstrate that SAW atomization technique can be 
extended to synthesis multilayer polymeric nanoparticles in a layer-by-layer manner. Herein, we synthesis DNA 
containing multilayer nanoparticles to demonstrate the flexibility and therapeutic applicability of the SAW 
atomization approach. 

 
EXPERIMENT

A single-phase uni-directional transducer (SPUDT) was fabricated using sputtering and standard UV 
photolithography with wet-etch techniques onto piezoelectric substrate surface. A high frequency electrical signal is 
supplied to the electrodes, thereby inducing a SAW as the efficient atomization driving source as shown in Fig. 1 
[8-10]. Two model polymers, Chitosan (Chi) and carboxylmethyl cellulose (CMC) were employed. Experimental set 
up is illustrated in figure 2, the first polymer solutions are supply to one end of the device substrate. Atomized 
polymer aerosols were generated and drive though a drying tube, follow by deposition into the second polymer 
solution. This suspension can be collected and re-atomized into another polymer solution again, using the same 
experiment setup and atomization procedures described above to obtain multilayer particles (Fig 2).  

FTIR spectrum was employed to examine the chemical bonding between each polymer layer. Visual distinction 
between successive layers is facilitated by selectively tagging each polymer molecule.The fluorescently-labelled 
multilayer nanocapsules were then synthesized using these tagged polymers in the dark via the same 
atomization-evaporation-resuspension process described above. The sequential bonding of each successive 
polyelectrolyte layer onto the surface of the nanocarrier was detected by selectively labeling the polymers. 
Fluorescence measurements were carried out on a multimode spectrophotometer. Further evidence of the presence of 
successive polyelectrolyte layering was obtained through zeta-potential measurements. Particle size distribution was 
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obtained using the Zetasizer Nano S. The pDNA release study was carried out under near-physiological conditions, 
samples were subsequently extracted at specific time intervals for testing. The samples were quantified using a 
Quant-iT PicoGreenr dsDNA reagent. 

 
Figure 1. A photo showing a 30 MHz SPUDT SAW device and its electrode layout captured undermicroscrope 

 

 
Figure 2. (left) Experimental set-up for aerosol atomization and particle collection, (right) schematic diagram of 

multiparticle preparation in layer-by-layer manner. 
 

 
RESULTS AND DISCUSSIONS 

FTIR spectrum showed that ionic complexation has successfully formed between each polymer layer. Fig. 3 
shows the change of zeta-potential after different polymeric layers was added on the nanoparticle by SAW 
atomization. Samples containing plasmid DNA exhibited negative charge due to the phosphate group present in each 
nucleotide. Nanoparticle containing DNA and Chi exhibited positive charge due to the present of positively charged 
Chi on the nanoparticle surface. Nanoparticle containing DNA/Chi core and CMC outer layer display negative 
charge due to the present of negatively charged CMC on the nanoparticle surface. The reversal of zeta potential is 
observed as the nanoparticle is further deposit into a complementary polymer solution, suggesting that a stepwise 
formation of layer on the nanoparticles. 

  
Figure 3. (left) The zeta-potential of multilayer polymer nanoparticles with Chi or CMC as outer layer. (right) 

intensity measurements of the fluorescence emitted by successfully deposited in turn. 
 
Further evidence of the presence of multiple polyelectrolyte layers can be obtained by fluorescently labeling 

either PEI or CMC (while leaving the other complementary polymer pair unlabeled). Figure 2c shows the 
fluorescence intensity of the nanocarriers as additional layers of PEI and CMC are alternately deposited. We observe 
the fluorescence intensity to gradually increase, albeit nonlinearly, with the increase in nanocarrier mass upon the 
addition of each labeled polymer layer which binds via electrostatic interaction to the underlying polymer. 

Nano-sized particles are advantageous for a wide range of drug delivery administrations. We examined the size 
distribution of synthesized polymeric particles to see if the size obtained is in the required range. Representative 
samples (Fig. 4) containing chitosan as the inner core and CMC as the outer layer exhibited a hydrodynamic size of 
198.27.4 nm with narrow size distribution. AFM data reveal that the nanoparticles exhibited oval shape, possibly 
due to the rigid and extended conformation of CMC. Particles with narrow size distribution offer various practical 
advantages compare to particle with similar average size but boarder size distribution such as better controlled drug 
release.  

In vitro release profile of encapsulated pDNA from multilayer nanocapsules indicating that the release occurred 
in a steady and sustained manner (Fig. 5). The initial burst over a transient of approximately 5 h in both sets of data 
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can be attributed to any unbound or excess pDNA adhering loosely to the outer shell of the nanocapsules. In any case, 
this is followed by a slower and more uniform continuous release phase. It is also clear that sample B, wherein the 
nanocapsules include an additional Chi outer layer, shows a much slower release compared to sample A, as expected. 
The ability therefore to tune the release to some extent with the number of polymer layers deposited over the drug 
molecule is therefore attractive from the standpoint of tailoring the drug carrier to the desired release dynamics. 

 

 
Figure 4. (a) Particle size and size distribution, and (b) representative AFM image of nanoparticle generated by 

SAW microchip. The nanoparticles are composed of Chi core with CMC outer layer. 
 

 

 
Figure 5. Release profile of pDNA encapsulated in the Chi/CMC bilayer and Chi/CMC/Chi trilayer 

nanoparticles. 
 
CONCLUSION 

This study demonstrated the use of SAW atomization as a fast and efficient technique to synthesize multilayer 
nanoparticles for drug encapsulation usage. A serial of characterizations have been conducted and shown the 
successful bonding between each polymeric layer. Furthermore, unlike many conventional methods in producing 
polymeric particles, the usage of surfactant and templates are not required in SAW atomization. Compared to 
traditional spray drying methods, SAW atomization, driven at much higher frequency and lower power, produces 
much less damage to drugs and DNA vaccines, making it suitable for a wide range of drug and vaccines deliveries. 
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INTRAOCULAR PRESSURE SENSORS: NEW APPROACHES FOR 
REAL-TIME INTRAOCULAR PRESSURE MEASUREMENT USING A 
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ABSTRACT 

Periodic monitoring of intraocular pressure (IOP) values is crucial in glaucoma treatment.  Since current 
measuring techniques lack accuracy, a microfluidic device is designed, tested and discussed in this work to explore 
unpowered IOP sensing capability.  This device achieves a 0.061mm/mmHg sensitivity for lower pressures and a 
0.667mm/mmHg for higher pressures.  
 
KEYWORDS 

Pressure sensor, intraocular pressure, glaucoma, microfluidics, implantable devices. 
 

In this work, an approach for the monitoring of intraocular pressure (IOP) using a manometer-based microfluidic 
device is described.  This device was designed for periodic monitoring of IOP in patients suffering from glaucoma.  
The current state-of-the-art IOP measurement technique, a tonometer, lacks accuracy due to unpredictable scleral 
compliance and variable cornea stiffness between patients.  Therefore, a novel approach for IOP measurement is 
required.  In the past few years, MEMS-based sensors have been researched but none are passive, they all require 
external power supply and involve a complex design.  For example, an IOP sensor based on capacitance measurement 
proposed by Wise [1] and Irazoqui [2] can actively record IOP value, but need a solar battery or wireless charging to 
fulfill the power requirements.  Piezoresistive IOP sensors [3], on the other hand, have shown an inability to integrate 
an antenna and a battery together and thus are not preferred.  Tonometers [4] have been modified to use a soft contact 
lens to measure the cornea deformation, but the reasons for their inaccuracy have not been resolved.   

 
However, mechanical IOP sensors using no battery or antenna may simplify the design and lower the cost as 

proposed by Tai et al. [5].  This IOP sensor is based on a Bourdon Tube and can be implanted suturelessly through the 
cornea and mounted on the iris securely.  The bulky nature of this approach however may block incoming light 
through the pupil at night.  Our work instead is based on a manometer-based microfluidic pressure sensor with an 
optical readout (Figure 1).   

Figure 1 Sketch of the microfluidic IOP sensor and corresponding dye movement 
 

 
Figure 2 Exploded view of the microfluidic IOP sensor and the direction of the applied force on the IOP 

 

Sensing Pad

Dye

Dye Movement

Force from IOP

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  731



This paper reports design and fabrication of this IOP sensor that can be implanted between the conjunctiva and the 
sclera.  The principle for this sensor is similar to a manometer and involves a dye solution in a small reservoir 
(pressure sensing pad) covered with a flexible membrane, as shown in Figures 1 and 2.  Elevation in IOP results in 
pressing of a thin membrane that in turn pushes dye solution out of the sensing pad and into a microchannel with 
smaller cross-section.  Figure 3 shows this IOP sensor with a slice of swine conjunctiva.  The sensor prototypes were 
fabricated using PDMS and indocyanine green/AK-Fluor as the dye used to facilitate optical readout of the pressure as 
shown in Figures 4 and 5.  The movement of sensing dye corresponding to a change in pressure can be measured and 
calibrated to monitor IOP, as shown in Figure 6.  The change in cross-section between sensing pad and microchannel 
helps amplify the dye movement thus improving the sensitivity.  This paper will also illustrate how to minimize the 
effect of trapped air in the channel.  The batch testing data showed low hysteresis and a sensitivity of 0.061mm/mmHg 
for the dynamic range between 0-22mmHg.  It also showed a higher sensitivity of 0.667mm/mmHg with the range of 
the device closely matching that expected for glaucoma patients.  The higher sensitivity in the latter gives better signal 
interpretation for the IOP sensing as it was needed.  The sensor characterization was done using optical coherence 
tomography and Image J for a sensor “implanted” in an artificial eye model.   
 

 
Figure 3 A subconjunctival IOP sensor and a swine conjunctiva versus a penny 

 

 
Figure 4 Amscope image of the subconjunctival IOP sensor with IC-green dye under 0. 
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45mmHg 33mmHg 

Subconjunctival IOP sensor 
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Figure 5 AK-Fluor dye movement under 0, 28, 35 and 50mmHg relative pressure.  Recorded through an optical 

coherence tomography. 

 
 

 
 

Figure 6 Dye length versus applied hydraulic pressure: OCT sample versus average dye length for both upward 

and downward pressure 
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ABSTRACT 
    To study dynamics of molecular signals in the living neurons, we combined an inverted fluorescence 
microscope with a probe-type ion image sensor. By the newly developed opto-chemical microscopy, the changes in 
both [pH]o and [Ca2+]i of neurons were simultaneously visible among hippocampal slices in culture. Immediately 
after depolarization, both cellular signals showed significant changes, and the peak amplitude of the signal was 
dependent on the site of neuronal cells. We established in situ assessment of both morphology and function of 
neuronal networks by the present ion image sensor-based opto-chemical microscope system. 
 
KEYWORDS 
ion image sensor, pH, hippocampus, Ca, fluorescence microscope 
 
INTRODUCTION 
By using CCD/CMOS image sensor technique, ion image sensor was developed for the 2D display of pH [1]. It 
produces an electrical output in proportion to the surface potential on each pixel, thus displays the concentration of 
extracellular pH ([pH]o) with a high spatial resolution (~100 m). With the chemical microsensor, 2D imaging of not 
only [pH]o but also transmitter releases were possible in the living cells without labeling [2]. We have used this 
label-free technique for the detection of proton in the acid secreting cells, osteoclasts and gastric glands [3]. To 
visualize a release of neuro-signals in the living neurons, we have developed the probe-type ion image sensor 
module (p-ion-IS), and combined it with fluorescence microscope (FM) for spatio-temporal analysis of neuronal 
functions in the brain. 
 
COMPONENTS OF OPTO-CHEMICAL NEUROIMAGING SYSTEM 
The elemental components for the construction of the opto-chemical neuro-imaging system are shown in Figure 1. 
The sensing area (SA) locating at the bottom of p-ion-IS is 4.16 x 4.16 mm2 square with 32 x 32 pixels. By the 
manipulator control of p-ion-IS, SA was directly contacted with surface of the brain samples. The hippocampal slices 
were prepared from the rat brain [4], cultured for 1 week, and put on the window part of a cell chamber. To obtain 
the images at a higher S/N ratio in the whole field of SA, we used a macro-objective lens equipped inverted FM. The 
high NA objective was capable of resolving the CA1 region where glutamate-sensitive neurons were aligned. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Photographs of p-ion-IS (A), SA (dashed lines in B), cell chamber (C) and brain slice (D).  
Cultured brain slice was put on the window (asterisk in C) of cell chamber. 

 
OPTO-CHEMICAL MICROSCOPE SYSTEM AND CELL STIMULATIONS 
The dual imaging system for both [pH]o and intracellular concencentration of Ca2+ ([Ca2+]i) is illustrated in Figure 2. 
After loading Ca-sensitive fluorescent dyes (fluo4AM), cultured slice was superfused with the circulating medium 
through inlet/outlet tubes. We measured the cell responses of [pH]o by p-ion-IS, and [Ca2+]i by FM, and stimulated 
cells with chemicals added through the inlet tube. Fluo4 was excited with 480 nm light, and the emitted green 
fluorescence was recorded with CCD camera. Before the recording, slices were kept in the recording medium 
containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES (pH=7.2 
with NaOH). 
 
 

＊＊＊＊
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Figure 2. Schematic diagram of opto-chemical microscope system consisting p-ion-IS, cell chamber and FM. 
sl; slice preparation putting on the cell chamber. m; medium. 

 
DUAL IMAGING OF [pH] o and [Ca2+] i IN THE BRAIN SLICE  
The sequential images of [pH]o and [Ca2+] i in the hippocampal slices were recorded at the 4 mm2 square. The [pH]o 
was slightly lower in the corresponding area where the slice images were visible by FM. Before stimulation, no 
significant changes were observed in both signals. After stimulation with chemicals adding through the inlet tubes, 
[Ca2+] i was changed in the whole region of slice (Fig. 3B), while [pH]o change was partial (Fig. 3A). Between the 
CA3 and CA1 regions, [pH]o showed significant changes in 1 min after the stimulation. 
 
A                                          B 
 
 
 
 
 
 

Figure 3. Sequential images simultaneously recorded by using p-ion-IS (A; [pH]o) and FM (B; [Ca2+]i). 
Numbers indicate the time (sec) after the cell stimulation. Bar:1 mm. 

 
TIME COURSE OF OF [pH] o and [Ca2+] i  
Figure 4 shows the time course of the cell signals in the area of a square indicated in Fig. 3B. The averaged [pH]o 
before stimulation was about 7.2 almost same as the recording medium. Within 1 min after stimulation with an 
ethanol (up to 1 mM), the [pH]o decreased, while [Ca2+] i increased. In average, the degree of the [pH]o decrease was 
0.75, and [Ca2+] i increase was 25% compared to the basal level of fluorescence intensity. Both signals did not 
recovered to the initial level in a few minutes. The spatio-temporal analysis of Ca-dependent proton release from a 
neuron was possible by the opto-chemical microscopy. The sensitivity to the potent stimulants to neuron was clearly 
distinguishable by the analysis of [pH]o measurement using the ion image sensor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Changes in [pH]o (left) and [Ca2+] i (right) simultaneously recorded by the opto-chemical microscopy. 
[pH] o change wascalculated as the difference to the initial value, and Ca response was indicated as relative 

fluorescence intensities of fluo4. Time indicates after cell stimulations. 
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SELF-ORGANIZATION OF THE NEURONS 
To extend the study of in situ analysis for the neural-signals, we prepared a neuronal network model artificially 
constructed on the polydimethylsiloxane (PDMS) chamber. As shown in Figure 5, extension of nerve fiber and 
formation of synapse-like structures were induced after 1 week culture of neurons which was dissociated from 
hippocamus. The neural outgrowth appeared not only in the bottom of circled area (diameter=200 µm), but also in 
the flow path of the 10 µm width fabricated inside the PDMS chamber. The fiber protrusion was over 200 µm length, 
and sometimes formed a synapse at the terminal. These results indicate the culture of dissociated neurons in the 
PDMS chamber is useful for induction of the self-organization and functional analysis of neurons. 
 
 

A                B 
 
 
 
 
 
 
 
 

Figure 5. Morphology of neurons cultured in a PDMS chamber for 1 week. 
Left, phase contrast image. Right, fluorescence image of cells labeled with FITC. Bar, 20 µm. 

 
CONCLUSION  
For the monitoring of neuronal signals in the brain slice, we successfully combined a probe-type ion image sensor 
with fluorescence microscope. By using the opto-chemical microscope, changes in [pH]o and [Ca2+] i of the slice 
were visible with time. We established in situ realtime assessment of both morphology and function of neuronal 
networks, and the spatio-temporal analysis of cellular signals both inside and outside of the living cells. 
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ePetri PLATFORM FOR CONTINUOUS ON-CHIP MONITORING OF 
MICROORGANISMS 
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ABSTRACT 
    We present ePetri, a self-imaging culture platform for continuous and long-term monitoring of microorganisms. 
The ePetri achieves on-chip microscopy by using complimentary metal-oxide semiconductor (CMOS) image sensors 
as a culture substrate. For motile microorganisms, we can perform pixel super-resolution image reconstruction by 
using the inherent motion of the cells, allowing high-resolution imaging without any optical element. We also 
demonstrate longitudinal imaging of Euglena gracilis cultured in ePetri with various image-based analysis for 
culture monitoring. As a miniaturized and automated culture monitoring platform, this ePetri technology can greatly 
improve studies and experiments. 
 
KEYWORDS 
ePetri dish, chip-scale microscopy, longitudinal imaging, pixel super-resolution reconstruction 

 
INTRODUCTION

Imaging based long term monitoring of a biological culture provides useful information of the culture by 
visualizing the morphological and behavioral changes of each individual cell. Miniaturization and automation of an 
imaging system can greatly benefit many scientific researches and clinical applications by reducing the cost and 
streamlining the culture experiments. Recently, we have reported a self-imaging Petri dish - the ePetri [1] - for 
continuous monitoring of live specimen in a large field of view over a long period of time. CMOS image sensors 
were used as the substrate for cell culture, which allows for taking direct shadow images of the cells as they grow. In 
order to boost the optical resolution beyond the pixel size of the sensor, we raster scanned a light source to create 
sub-pixel-shifted low-resolution shadow images, which are later combined into a single high-resolution image with 
the pixel super-resolution image reconstruction.  

In continuation of this work, we demonstrate an imaging method on ePetri for motile microorganisms, such as 
flagellated protozoa. The inherent motion of these microorganisms can be used as a means to obtain the sub-pixel 
shifts that are required for pixel super-resolution reconstruction without scanning of the light source. We name this 
technique, sub-pixel motion microscopy (SPMM) [2]. Using SPMM, We first demonstrate high resolution imaging 
by taking advantage of the swimming behavior of motile protozoa Euglena gracilis. Then, we conduct longitudinal 
study of Euglena gracilis, demonstrating microorganism counting, tracking and statistical analysis capabilities using 
the described ePetri system. Through the proof-of-concept experiments, we show that the ePetri platform using 
SPPM method allows for inexpensive, miniaturized and minimum-labour culture monitors, that can benefit clinical 
and scientific researches.   

RESULTS AND DISCUSSION 
The SPMM ePetri dish platform takes a very simple geometry; a bare CMOS image sensor and a PDMS well 

mounted on top (Fig 1). Each ePetri chip containing the sample is loaded into a camera board and the shadow images 
of the cells are continuously captured through the sensor. We used CMOS image sensors with the pixel size of 2.2 
µm, which has the total imaging area of 6.3 mm × 4.8 mm. The optical resolution of the ePetri is the highest at the 
floor of the image sensor. In order to keep the microorganisms as close to the sensor surface as possible, we 
dispensed a small amount (< 5 μL) of culture medium containing the specimen into an ePetri chip, and a drop of oil 
was put on top of the culture medium on order to prevent drying during the experiment. 

 
Figure 1. (a) the ePetri dish imaging platform is composed of an ePetri chip, camera module and a control computer. 
A Peltier module and a heat sink are used to maintain the temperature. (b) Schematic diagram of a single ePetri dish 
chip. Sample is dispensed into a chip and a drop of oil is used to prevent evaporation of the medium. 

 
SPMM ePetri system acquires low-resolution shadow images as the microorganisms swim across the pixel array 

of the CMOS image sensor and combine these sub-pixel shifted images into a single high resolution image. The 
resolution of the raw images is fundamentally limited to twice the pixel size by the Nyquist criterion (the pixel size 
is 2.2 μm in our experiment.). We can boost the optical resolution beyond this limit by using pixel super resolution 
reconstruction, where low resolution images of the same object with subpixel shifts are combined to a higher 
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resolution image. The raw images captured through the sensor can be considered as undersampled images of the 
original object with a known subpixel shift between each frame. Upon reconstruction, the low resolution images are 
enhanced by n times, meaning that the physical size that a single pixel represents decreases by 1/n times in the 
reconstructed high resolution image. This subpixel shift ((dkx,dky), for kth image in the sequence) determines the 
vector in which n2 different low resolution shadows are redistributed within the denser pixel grid of a single high 
resolution image. To obtain the precise sub-pixel shift for each microorganism, we trace the motion of all 
microorganisms throughout the entire sequence and perform image reconstruction separately for each moving cell.  

We used Euglena gracilis for demonstration of SPMM imaging technique. Euglena gracilis is an ellipsoidal 
protozoan with the dimensions of approximately 60 × 10 × 10 µm and moves in a rototranslatory motion with the 
speed of about 100-400 µm/s. The motion vector for each Euglena gracilis cells were calculated using a simple 
image processing technique. With this method, we have imaged motile Euglena cells with 950 nm optical resolution, 
which is comparable with the resolution of a 0.30 NA 10x objective lens (0.92 µm resolution), and the field-of-view 
of over 6 mm × 4 mm area (Fig. 2).  

Figure 2. (a) Raw and (b) reconstructed images of Euglena gracilis using SPMM. (c) A conventional 10x microscope 
image. (Scale bar 10 µm) (d) Line trace of a small feature in the area highlighted in (b) shows FWHM of 0.95 µm 

 
Motion artifacts such as rotational blur can be computationally removed by rotation compensated pixel 

super-resolution reconstruction. Each low resolution frame is re-rotated by the angle -Ɵk during the reconstruction, 
where the rotation angle is measured by the orientation or the trajectory of each cell (Fig. 3). The rotation 
compensation process can be described as below;  

 )cossinsincos()( kykykxkxkykxkyxkr +ndθ+lθ, l + ndθ - lθl = i, lli

   where ki  represents kth low resolution image up-sampled by the factor of n and kri  represents kth low resolution 
image up-sampled by n, shifted and rotated for reconstruction. Figure 3-a3 and 3-b3 shows the reconstructed high 
resolution image using the rotation compensation with the same set of low resolution sequence for fig.3-a2 and 3-b2. 
Note that the stripe-patterned artifacts are removed.

  
 

 
 
 
 
 
 
 

  
 
 
To demonstrate longitudinal imaging and motion analysis capabilities, we cultured Euglena gracilis protist in our 

ePetri system. Long term culture monitor and image based motion analysis with ePetri system can benefit many 
biological assays and scientific studies using various microorganisms. For the imaging and anlaysis, we used two 
image acquisition modes; we monitored the whole field-of-view at low frame rate for statistical information of the 
culture, such as cell counting, motion and size parameters (Fig. 4A) . Cell counting results show exponential increase 
in the cell population, indicating that the ePetri provides adequate culture environment for Euglena gracilis. analysis 
for cell counting was performed by first identifying each cell via thresholding the raw gray scale images (euglena 
cells or the boundary of euglena cells appear darker than the background), converting into binary image and then 
counting the number of areas within a predefined size range to filter out debris and noises. From the counting results, 
the growth of the cells showed clear increase with the doubling time of approximately 5 hours. To assure the 
accuracy of our cell counting software, our results were compared with manual counting results of 2 observers. The 
results showed the average percent difference of 3.0 % between the manual and the machine count, where percent 
difference between the observers is 3.1 %.  

Next we performed differential experiment with two sets of euglena cultures. We used spring water as medium 
for culture A and the euglena culture medium for culture B. Two cultures were kept in ePetri for > 5 hrs under same 
temperature and illumination conditions. We used our analysis software to obtain the distribution of the motility and 

Figure 3. Cells with large rotation 
showing artifacts in the image (A2, 
B2). Reconstructed images with 
rotation compensation (A3, B3). 
(Scale bar 10 µm) 
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the cell shapes. The result shows that the cells cultured in fresh water have more population of elongated cell types 
with high aspect ratio and lower motility, whereas larger population of Euglena gracilis cultured in the medium 
showed faster motion and rounded shapes. 

 
CONCLUSION 

We demonstrated the imaging of motile microorganisms in an ePetri platform by using the inherent motion of the 
cells for the pixel superresolution reconstruction. This work shows the versatility of our SPMM ePetri system in the 
choice of the sample and the type of information collectible through our system. The key advantage of our SPMM 
ePetri is that it lowers the labor and the cost of culture experiments by miniaturizing and automating the monitoring 
system. It can also improve the quality of experiments a by improving the temporal resolution of the monitoring and 
allowing for streamlined and parallel process. 
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Figure 4. Longitudinal imaging of Euglena gracilis 
on ePetri dish. (a) Large FOV images of Euglena 
gracilis. (b) Growth in cell population counted with 
our cell counting software. (c) High resolution 
images of the cells (Scale bar 20 µm) 

Figure 5. Motion tracking and shape analysis using 
ePetri. Euglenas cultured in spring water (a) and in 
Euglena medium(b) (Scale bar 200 µm) showing 
different motility(c) and shape(d) distribution. 
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ABSTRACT 

This paper reports on the development of a microfluidic platform to study mass transport behaviour of blood cells at 

micro-scale stenosis where local strain-rate micro-gradients trigger platelet aggregation. We present the design, 

fabrication and blood testing of a microfluidic device that incorporates symmetric or asymmetric flow focusing using a 

single pressure driver to study the hemodynamic variables promoting platelet aggregation at defined micro-contraction 

geometries. The thickness of the different streams can be controlled by changing the hydraulic resistance of the inlet 

feeder channels and by controlling the hydrostatic pressure of the reservoirs. This platform will facilitate the study of the 

role of mass transport phenomena in platelet thrombus formation and will lead to a greater understanding of the 

mechanism(s) underlying shear-gradient dependent discoid platelet aggregation in the context of cardiovascular diseases 

such as acute coronary syndromes and ischemic stroke. 

 

KEYWORDS: flow focusing, multilayer soft-lithography, platelet aggregation, advective transport, shear gradients. 

 

INTRODUCTION  
The emergence of micro-technologies and in particular microfluidics has enabled unprecedented control of the 

experimental conditions for studying the role of haemodynamics in platelet aggregation at the micro-scale
1
. Application 

of these new microfluidics approaches, in combination with micro-imaging techniques applied to platelet function 

analysis has begun to challenge aspects of the existing models describing the early events that drive platelet aggregation. 

Using these methods recent observations we have demonstrated that modification of local haemodynamics through 

stenosis can trigger platelet aggregation in the absence of soluble platelet agonist signaling (ADP, TXA2 & thrombin), 

through the shear micro-gradient driven aggregation of discoid platelets.
1, 2

 Based on these findings we hypothesize that 

platelet aggregation in a stenosis may be affected by platelet stress-history and advective (mass) transport of platelets to 

thrombogenic surfaces. We have developed a microfluidics platform that enables the control of blood flow streams to 

study the role of platelet transport at micro-scale contractions and investigate blood cell behavior under conditions of 

complex flow through stenosis. Control of blood streams is achieved using a Hydrodynamic Flow Focusing (HFF) 

technique that relies on the absence of turbulence and very low mixing rates present at the micro-scale, to confine a 

number of defined streams within the same micro-channel.  

 

 
Figure 1: Design of the microfluidics device. a)3D representation of a PDMS device including HFF for two and three 

streams. b) Schematic of the implemented valve to assist the purging of the device. c) Schematic of the valve operation. 

Top: no pressure in the line. Bottom: pressure in the line, which blocks the core stream and allows to purge the focused 

stream. A partial closure is enough to operate the focused stream and remove any air bubbles. 

 

HFF has been previously used in a number of applications, including; fluid mixing, measurement of 

hydraulic resistance, micro-Particle Image Velocimetry, particle focusing, and to decrease the effective sample volume 

required for lab on chip based applications. To date, methods employing HFF have relied on positive pressure driven 

delivery of the sample via syringe pump; a method that has a number of practical limitations in the context of blood 

handling and experimentation. In this manuscript we present a HFF platform that utilized a negative pressure driven 

(single pressure driver) blood delivery system. We present the HFF platform design, fabrication, blood testing to validate 
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stream generations and control. Application of the device to examine the dynamics of human whole blood demonstrates 

platelet transport to the within the stenosis expansion. 

 

METHODS 

Figure 1 presents the overall device design and layout. The microfluidics device was designed to allow an easy 

manipulation of blood minimizing contact with glass or plastic materials and long dead volumes (all of which can lead to 

pre-activation of blood cells and modification of blood samples) by using a reservoir where blood sample is simply 

loaded close to the micro-contraction. The micro-contraction of the device was designed to mimic the hemodynamics 

conditions of a stenosed artery on mice.
2, 3

 Blood flow rate was induced by using negative pressure (suction) with a single 

syringe connected to the outlet port. Different thicknesses of the focused streams are achieved by changing the resistance 

of the inlet feeder channels and the hydrostatic pressure of the reservoirs. A manually operated pneumatic valve was 

incorporated into the chip using multi-layer soft lithography
4
 to allow an easy purging of the fluid lines. Figure 2 presents 

the fabrication steps of the device. 

 

 
Figure 2. Fabrication of the device. The microfluidics device was fabricated using two molds photo-lithographically 

patterned. The first mold contained the flow layer and the second mold the micro-valves and reservoirs. a) The first 

mold was produced using a high resolution chrome mask to achieve well defined features and straight side walls. b-c) 

The first mold was spin coated with PDMS (Sylgard) to achieve a film of ~250µm thickness. d) The second mold was 

fabricated using a low resolution pdf mask. e) A Perspex (PMMA) enclosure of 6 mm of thickness was attached to the 

second mold to allow formation of a PDMS block of 6mm.  f) PDMS was peeled off and the outlet ports of the 

micro-valves were fabricated. Simultaneously the PDMS layer on the first mold was partially cured g) The main PDMS 

block was aligned and both parts which were partially cured were sealed to each-other by completely curing them . h) 

A 60x22 mm borosilicate #1 microscope cover-glass was treated with BSA (Bovine Serum Albumin) in order to avoid 

specific adhesion of platelets to the cover-slide. i) Finally, the fabricated PDMS chip was surface adhered to the BSA 

treated microscope cover-glass which formed the bottom wall of the micro-channel and allowed for both transmitted 

light and epi-fluorescence imaging at the micro-contraction geometries.  

 

RESULTS AND DISCUSSION 

Proof of concept studies were carried out to demonstrate the utility of the HFF device to define the blood streams 

contributing to platelet aggregate formation under conditions of a well characterized strain rate micro-gradient
3
. In order 

to isolate the mechanical effects of blood flow from biochemically driven platelet activation, all experiments were 

performed in the presence of pharmacological inhibitors of the canonical platelet amplification loops
3
. Figure 3a-d show 

DIC (Differential interference contrast microscopy) and epi-fluorescent images of whole blood perfusion experiments 

over a 10 minute time-course in the symmetric iteration of the HFF device that produces two 75 µm /25µm 

asymmetrically focused streams, upstream contraction. Figures 3a-b show that platelet aggregation is formed within this 

device where DiOC6 labeled blood was confined to the bottom 75 µm stream and strong fluorescent platelet 

incorporation into the developing aggregate was found. In reciprocal experiments where DiOC6 labeled blood was 

confined to the top 25 µm stream, significantly, no fluorescence incorporation into the developing platelet aggregate was 

observed for this case (Fig. 5d). This data suggests that only platelets within streamlines biased to the micro-contraction 
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geometry side of the micro-channel take part in platelet aggregate formation.  Figure 3c-d correspond to the reciprocal 

experiments to a-b, and demonstrate that platelet within the top 75% of streamlines make no significant contribution to 

aggregate formation. It should be noted however that after 3 minutes of perfusion some level of fluorescent platelet 

adhesion was observed, with platelets forming a thin mono-layer immediately downstream of the micro-contraction 

geometry due to the generation of a flow recirculation region adjacent to the platelet aggregate that develops as a function 

of aggregate size. Some degree of recirculation and/or disturbed flow was evident in the DIC imaging experiments (data 

not shown).  

 

 
 

Figure 3: Application of asymmetric HFF to platelet aggregation at micro-scale stenosis. a) DIC images of blood 

perfusion experiments through 10’ of monitoring on a device that produces two non-symmetrically focused streams (75 

µm and 25 µm). The blood stream at the bottom wall was stamped with a fluorescent dye. An aggregate formed 

downstream the contraction using two streams can be observed. b) Epi-fluorescent images of the same experiment as 

(a)), showing that an aggregate was formed downstream the contraction. The white arrow indicates the flow direction. 

c) DIC images of the same experiment as a) but the fluorescent stream was located at the top wall. d) Epi-fluorescent 

image of the same experiment as (c)), showing that no aggregate was formed downstream the contraction, implying 

that most of the platelets that contribute to the aggregate come from a region of 25 µm upstream contraction. 

 

CONCLUSION 

The platform presented allowed us to explore mass transport phenomena contributing to aggregate formation under 

shear micro-gradient conditions. This device offers a number of advantages for the investigation of hemodynamic and 

blood cell behavior, including: i. The ability to controllably constrain multiple streamlines with a single syringe pump; 

ii. The ability to monitor streamline dynamics and blood cells behavior in real-time using epifluorescence and 

transmitted light micro-imaging approaches and; iii. The flexibility to introduce multiple sample combinations (plasma, 

dyes, particles or blood) in the same chip using a series of sample reservoirs by purging the device just once at the start 

of the experiments. Overall the HFF platform presented represents a valuable tool in our efforts to further understand 

the fluid dynamic variables at play in promoting shear micro-gradient platelet aggregation.  
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INTRODUCTION
Cells are complex entities in that they not only sense chemical cues, but also interact with their living environment
mechanically for cell division, growth, phagocytosis, apoptosis, and migration. They respond to stimuli whose
effects may be beneficial (e.g., in natural or engineered nutritive microenvironments) or harmful (e.g., in aging,
stress, or injury) to human health [1-2]. These biomechano transductions, expressed in physical terms as cellular
forces, usually ranged from pN to μN, is critical in developing micro/nano implantable tissues and scaffolds, and
sensors and medical devices that are able to sense and regulate the biophysical property of living cells, diagnostics of
abnormal cellular and subcellular behaviors. We have previously demonstrated a method for cell traction force
measurement based on optical moiré effect [3]. In summary, the employed interferometric moiré offers precise and
high-resolution moiré mapping. This technique takes the advantage of moiré magnification effect by calculating the
moiré fringe distortions and map into the distortions of polymeric periodic substrate. However, optical alignment
added difficulty for achieving on-chip compact moiré system for real-time observation of cell contractility. In
addition, the method used for retrieving force distribution was based on geometric fringe centering approach, which
prevents further automation of the system into laboratory use. In this paper, we extend the moiré mapping
mechanism to a versatile cell contraction force mapping transducer by the integration of two periodic substrates.

EXPERIMENT
The double layered device is made from two PDMS layers that are aligned to form a 3D chip, consisting of

channels and reference gratings (top half) and pillars (bottom half); see Figure 1. The inlet channels are 370 m in
width, and the micropillars are 5 m in diameter, double spaced. The pillar height depends on the thickness of the
photoresist template, which is contingent upon the spin parameters used to coat the glass substrate. The layers are
fabricated using photolithographic methods, although the specific steps are different for the channel and pillar
components of the chip. This technique extends the moiré mapping mechanism to a versatile cell contraction force
mapping transducer by the integration of two periodic substrates.

2
cm

s

Top View

Channels

Pillars

Cross Sectional View

Micropillars

250 µm 250 µm500 µm

1 mm

Channels l ,2

Figure 1. Design of opto-mechanical moiré transducer, top layer consists of reference gratings, bottom layer consists

of micropillar array for contraction measurement.

The calibration of the system was performed by recording interference fringe patterns at successive sample
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heating times and by repeated application of the Fourier-transform-based fringe pattern analysis method for phase

retrieval (Figure 2). The fringe patterns were recorded at a temperature step increase∆ T=10 ºC, digitized into a
512 by 512 pixel array in the horizontal and vertical directions, and Fourier processed in order to compute the
corresponding phase change. The calculated CTE agrees with existing literature values (310ppm/°C). Taking
advantage of this linear relationship between phase and displacements field, the moiré fringes automatically serve as
contour maps of distortion field caused by thermal heating without individually tracking and deriving the
displacements.

The experimental setup for our compact 2D moiré mapping system includes an illumination source of 1.5-mW
633-nm He-Ne laser (Research Electro-Optics Inc.), a beam expander, a charge-coupled device (CCD) video camera
(Pixelink 623), an inverted microscope (Nikon), a digital computer with MATLAB programs for automated moiré
fringes analysis. The cell culturing substrate was sealed into a polycarbonate flow perfusion chamber with an
internal volume of 30 mL. A cell culture media with cardiac myocytes were injected through the inlet of the
perfusion chamber with the culturing substrate. Testing marks on the sidewalls were designed to locate the periodic
features and relative orientation between the two substrates. The glass environmental chamber is maintained at
37.2 ºC with 5% CO2 concentration.

Figure 3(a)-(f) illustrates fringe processing schemes for retrieving the lateral deformation on cardiac myocytes.
Figure 3(a) estimates the background non-uniform intensity by a combination of dilation and erosion. Dilation
enlarges the edges of bright objects and erodes dark ones while erosion erodes the edges of bright objects, and
enlarges dark ones. Figure 3(b) illustrates the constructed elements by following a combination of dilation and
closing by a 2X2 square elements of the image. Subtracting the image of Figure 3(b) from Figure 3(a) will give the
final moiré fringes with background element removed (Figure 3(c)). Fringe will be enhanced by low pass filter

Figure 2. Calibration of moiré fringes by iso-thermal heating of PDMS substrate.

and compared with reference fringe prior to cell contraction. The final deformed fringe was shown in Figure 3(f)
which serves as direct contours of cell contractions exerted on periodic substrate.
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(a) (b)

(c) (d)

(e) (f)

Figure 3. (a)-(f) Fringe Processing scheme of cardiac myocytes contraction and isolation of deformed fringes. Scale

bar represents 8µm.
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ABSTRACT 
We have designed a label-free thrombin detection system at an aptamer modified graphene oxide (GO) surface fixed on 

a solid support by using the excellent fluorescence quenching property of GO. The detection system has great merit for 
on-chip detection because the aptamer is firmly immobilized on the GO surface. An accurate evaluation of the change in 
the fluorescence intensity caused by the reaction is possible by incorporating a microchannel in the system. The validity 
of the on-chip detection system was clearly confirmed by using thrombin detection, and the specificity for thrombin was 
successfully demonstrated. 

KEYWORDS: Graphene oxide, aptamer, protein, thrombin, microchannel, fluorescence 
 

INTRODUCTION 
Graphene oxide (GO), a partially oxidized graphene, is an atomically thin two-dimensional sheet thus making it an 

interesting material as a platform for a surface chemical reaction. It exhibits interesting optical properties such as 
fluorescence quenching and broadband photoluminescence due to its unique structure consisting of nanometer-size sp2 
carbon clusters isolated within an sp3 carbon matrix. These unique properties of GO provide new opportunities for its use 
in biosensing applications [1-2]. Moreover, functionalization with oxygen-containing groups including hydroxyl, 
carboxyl, and epoxide groups gives GO good dispersibility in water thus allowing us to use a low-cost conventional wet 
process to fabricate optical and electronic devices.  
We developed a label-free protein detection system with a new design using aptamer modified GO (Scheme 1). 

Aptamers are selected single-stranded oligonucleotides that can specifically bind to certain proteins or small molecules. 
In this system, the GO surface is fixed on a solid support and is modified by an aptamer that bonds chemically to pyrene 
and a dye probe at the 5’- and 3’- termini, respectively. The pyrene works as a linker to the sp2 domains of GO to 
immobilize the aptamer firmly on the GO surface, and the dye works as a detection probe. At the initial stage, the 
fluorescence of the dye labeled aptamer, which is well adsorbed on the GO surface via π-π interactions, is quenched by 
GO. When the target protein is added, the fluorescence recovers as a result of the separation of the dyes from the GO 
surface by the formation of aptamer-protein complexes. The chemical reactions that occur on the GO surface at each 
reaction step are successfully monitored with AFM observations [3].  
Our detection system has great merit as regards the fabrication of on-chip detection devices. In the work described in 

this paper, we fabricated an on-chip detection system with a microchannel and used it for the detection of thrombin. 
Thrombin detection is very important, because thrombin is a protease present in the human body that is responsible for 
excessive blood clotting. By employing a microchannel, it is possible to measure simultaneously the fluorescence on the 
GO pieces located inside the channel where the reaction occurs, and GO located outside the channel where no reaction 
occurs. Thus, we can improve the accuracy of our quantitative evaluation of the change in fluorescence intensity. 
Moreover, using a microchannel, we can reduce the sample volume to a few μL and this will be advantageous when this 
system is used for blood tests.   

 

 
Scheme 1: Design of a protein detection system using an aptamer modified GO surface. 

 

 

 

Pyrene (linker) Aptamer 

Dye GO (quencher) 

Target protein 

Without target:  
  Fluorescence is quenched 

With target:  
  Fluorescence is recovered 
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EXPERIMENTAL 
Figure 1 shows the fabrication of an on-chip protein detection system using an aptamer modified GO surface equipped 

with a microchannel. An aqueous dispersion of GO was synthesized with a modified Hummers method [4] and spin 
coated on a hydrophilic-treated glass plate. The GO surfaces were then modified with 5 mM of 1-pyrenebutanoic acid-
succinimidyl ester (PB-S, Invitrogen) dissolved in N,N-dimethylformamide (DMF, Kanto Chemical Co. Inc.). The 
thrombin aptamer (5’-GGTTGGTGTGGTTGG-3’, TBA), which was modified at the 5'-terminus with an amine group 
and at the 3'-terminus with 6-carboxyfluorescein (FAM), were purchased from Sigma Genosys. 100 μM of 5’NH2-TBA-
FAM3’ in 10 mM phosphate buffer was reacted with PB-S/GO to form PB-CONH-TBA-FAM. Finally, a 
polydimethylsiloxane (PDMS) channel, formed using a photolithographic technique, was mounted on the top of the chip. 
Alpha human thrombin (Wako Pure Chemical Industries, Ltd.) and human albumin (ICN Biomedicals) were dissolved in 
Deionized (DI) water (Millipore, >18 MΩ·cm) to prepare a certain concentration of solutions.  
An Olympus BX51-FV300 confocal laser scanning microscope (LSM) was used to obtain fluorescence images.  We 

used a 505-525 nm band-pass filter with a 488 nm laser light source for the FAM fluorescence observations.  The space 
between the rear of the glass chip and the objective lens was filled with water throughout the observations which were 
undertaken using a water-immersion objective lens Plan Apo 40×WLSM (Olympus). All the measurements were 
performed at room temperature. 
 

 

Figure 1: Fabrication of an on-chip protein detection 
system using aptamer modified GO surface assembled 
with a microchannel.  

Figure 3: Fluorescence image of modified GO pieces around the boundary of the channel after flowing 
100 unit/mL of thrombin solution (a); the signal intensity inside (Iin) and outside of the channel (Iout) 
before and after adding thrombin solution (b). 
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RESULTS AND DISCUSSION 
Figure 2a shows the topography of GO on a Si(100) surface 

with a 285 nm SiO2 layer before aptamer modification obtained 
with an atomic force microscope (AFM). Two GO pieces were 
observed as bright patterns in the image. The GO shape was 
irregular like a torn paper, and the GO size also varied. The GO 
was uniformly flat and the average height was 1.1 nm. The change 
in the fluorescence intensity from the same GO pieces before and 
after adding 50 units/mL of thrombin solution was monitored with 
LSM (Fig. 2b and c). The fluorescence intensity had increased 
approximately threefold 80 seconds after the reaction started (Fig. 
2d). The results show the successful label-free detection of 
thrombin on the aptamer modified GO surface. The time needed to 
reach maximum intensity can be assigned to the time needed to 
form the aptamer-thrombin complexes. As a result of the structural 
change in TBA, the dyes are separated from the GO surface, 
which leads to the fluorescence recovery. The subsequent gradual 
decrease in intensities indicates the fluorescence degradation of 
the dyes caused by repeated observations.   
Next, we installed the detection system in a microchannel 

configuration. Figure 3a shows the fluorescence image of the 
aptamer modified GO pieces around the boundary of the PDMS 
channel a few minutes after adding < 5 μL of thrombin solution 
(100 units/mL). The fluorescence intensity of the GO pieces inside the channel was much stronger than that outside the 
channel. We calculated the signal intensity inside (Iin) and outside the channel (Iout) by subtracting the average 
fluorescence intensity at points where there were no GO pieces, from that at the GO pieces. We used the ratio Iin / Iout to 
evaluate the sensitivity of the thrombin detection. Note that the effect of the fluorescence degradation is eliminated here. 
The ratio Iin / Iout after adding thrombin to the channel was 5.0, whereas the Iin / Iout was about 1.3 before the reaction 
occurred (Fig. 3b). The results indicate that the validity of the system was clearly confirmed by using thrombin detection. 
We found that the fluorescence intensity inside the channel was always slightly larger than that outside the channel, 
either on the GO pieces or the places without GO, even before reaction occurred. This was due to the difference between 
the scattering inside and outside of the channel. A dual microchannel system is now being fabricated to completely 
remove such scattering effects and other noises. 
Lastly, to demonstrate the specificity for thrombin detection, we also measured the fluorescence images when 50 

mg/mL of albumin solution was added to the system (Fig. 4). The albumin caused no change in the fluorescence intensity 
either inside or outside of the channel, and the Iin / Iout ratio was 1.1. The results clearly show that our detection system 
can achieve the highly selective detection of thrombin.  
 
CONCLUSION 
In summary, we have proposed a new protein detection system using an aptamer modified graphene oxide surface and 

fabricated an on-chip detection system with a microchannel. The validity of the proposed system was clearly verified by 
using thrombin detection. The specificity for thrombin was also successfully demonstrated. It is noteworthy that the 
proposed system has great potential for application to many other biological molecules by employing different aptamers. 
Moreover, the system can be easily developed into a multichannel detection system that can realize multiple detection 
simultaneously. Our system is thus promising for biosensor and diagnostics applications.   
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ABSTRACT 

In this work, we demonstrate the specificity of functionalized optical microcavities as bacteria sensors. We used 
endolysin LysK as a specific binding molecule to Staphylococcus aureus (S. aureus). Wavelength resonance shifts are 
observed after each functionalization step and biodetection, confirming the label-free detection of bacteria on the surface 
of the microresonator. Further experiments conducted using Escherichia coli (E. coli) bacteria with the same endolysin 
validate the specificity of our biosensor. 
 
KEYWORDS 
Optical microdisk, label-free bacteria detection, resonance shifts, specificity 
 
INTRODUCTION!! !

Whispering gallery optical microcavities are structures which can efficiently confine light at the micro scale [1]. This 
confinement is based on total internal reflection of light at the interface between the cavity and the surrounding medium. 
Since the field evanescently extends into the medium, the optical properties of the microcavity are extremely sensitive to 
changes in its surroundings. In this work, we describe a biosensing application of these optical microcavities for the 
label-free detection of bacteria. 
 
EXPERIMENT  

Silica microdisks were fabricated using conventional microfabrication techniques [2]. The initial substrate was a 
silicon wafer with an 800 nm layer of thermal silicon dioxide. First we used UV photolithography to define the pattern of 
disks on the wafer, which is then transferred to the oxide using hydrofluoric acid. This is followed by an isotropic 
reactive ion etching of the silicon to form a silica disk on a pedestal. A scanning electron micrograph of a 
microfabricated optical microcavity is shown on Fig.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Scanning electron micrograph of an optical microcavity 
 
 

An as-fabricated microcavity sensor will show a change in its optical response under any alteration of its 
environment. In order for the sensor to be specific to a particular species of bacteria, we need to properly functionalize its 
surface so that only that kind of bacteria will result in detectable changes. In our work, we are interested to detect the 
presence of Staphylococcus aureus (S. aureus). The microcavity surface was first functionalized using PEGylated 
aminosilane (PEG-Si). We then introduced phage-derived proteins (the endolysin LysK) specific to S. aureus. The 
binding between the bacteria and the phage proteins creates a perturbation in the electromagnetic environment of the 
microresonator which is observed as a shift in the resonance wavelengths present in the transmission spectrum [3].  
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We used a tapered optical fiber to couple the light from a tunable red laser (635 nm) into the resonator, and measured 
the transmission spectra. Resonances appear as dips in the transmission. The microdisk was functionalized using PEG-Si 
and LysK protein. S. aureus cells were then introduced. Figure 2 represents a resonant mode of this microresonator 
(shown on Fig. 3 (c)) after microfabrication and each functionalization step, up to biodetection. It can be seen that the 
mode wavelength (i.e. the wavelength at the center of the dip) changes after each step. The as-fabricated microcavity 
shows a resonant mode at 635.4 nm. After adding the PEG-Si, the mode shifts to 636.3 nm. We would expect a shift 
towards longer wavelength after each functionalization step, but the microdisk covered with PEG-Si and LysK protein 
resonates at 635.1 nm. This blue shift is most likely due to the difficulty of coupling to the same resonant mode when 
using off-line functionalization (where the microdisk is removed from the setup for each step of the process). When the 
bacteria attach to the surface of the microdisk, the resonant mode is observed at 637 nm. It should be noted that the 
quality factor did not undergo a drastic change. It decreased from 2.54x104 for a clean microdisk, to 1.59x104 after 
biodetection.    
 

Figure 2: Resonances of the microcavity after each functionalization step and biodetection 
 
 

To prove the specificity of our microresonator, we tested its surface functionalization. In the absence of PEG-Si and 
LysK protein, S. aureus did not attach on the surface of the microresonator as can be seen on Fig. 3 (a). In microdisks 
treated only with LysK (Fig. 3 (b)), S. aureus cells attached randomly on the surface. When the full treatment with PEG-
Si and LysK was performed on the microdisk, a lower density of S. aureus attachment was noted, as can be seen on Fig. 
3 (c), with a somewhat larger density of attachment on the resonator. Finally, Fig. 3 (d) shows a microdisk treated with 
PEG-Si, LysK protein and E. coli bacteria where no bacteria attached, demonstrating the specificity of the 
functionalization.  
 

In conclusion, we proved that, with the proper functionalization, we obtained a specific microresonator able to 
capture S. aureus cells on its surface. Optical characterization using a tapered optical fiber showed the response of the 
sensor after biodetection. We observed a shift of the resonant mode after each functionalization step and biodetection due 
to a perturbation of the electromagnetic environment. Work is in progress to achieve on-line functionalization and  real-
time detection of bacteria in order to couple the same resonant mode into the biosensor.    
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     (a)                                                                          (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       (c)                                                                                       (d) 
 

Figure 3 : Microdisk with (a) S. aureus  (b) LysK protein and S. aureus (c) PEG-Si, LysK and S. aureus (d) PEG-Si, 
LysK protein and E. coli 
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ABSTRACT 
In recent years droplet-based (or segmented-flow) microfluidic systems have emerged as a powerful 

technological platform for performing high-throughput chemical and biological experimentation. Herein, we have 
demonstrated the combination of fluorescence polarization and droplet-based microfluidics for the rapid analysis of 
protein-protein interactions. Fluorescence polarization is powerful technique for analysis of biomolecular interaction 
since it is truly homogenous assay format. In this study, specifically, the interaction between angiogenin and 
anti-angiogenin antibody was successfully analyzed in short times of 40 hertz and with high precision. Angiogenin is 
a small polypeptide implicated in angiogenesis and in tumor growth. 
 
KEYWORDS 

Droplet-based microfluidics, Protein-protein interaction, Fluorescence polarization 
 

INTRODUCTION 
Droplet-based microfluidic systems have emerged as a useful technology in academic fields of biochemistry and 

molecular biology. Also, it is regarded as a suitable platform for high-throughput screening experiments because a 
complete mixing is achieved within milliseconds and each droplet can be used as a individual micro-reactor with 
pico-liter scale. Recently, various detection detection methods for analysis of bio-molecular interactions have been 
developed in droplet-based microfluidic system. Especially, fluorescence resonance energy transfer (FRET) is most 
widely used. In case of biological screening, however, because FRET is needed multiple labeling steps it is 
labor-intensive, time consuming and costly.  

Fluorescence polarization is based on the principle of photoselective excitation of a population of fluorophores 
using polarized radiation. In simple terms, fluorophores with dipoles parallel to the excitation radiation will absorb 
photons, whereas those with dipoles perpendicular to excitation radiation will not. This leads to partially polarized 
fluorescence emission. In free solution, the observed emission will depolarized via rotational diffusion. This 
rotational diffusion can be hindered if the fluorophore binds to a larger molecule as shown in Figure 1a. In this study, 
we demonstrated a droplet-based microfluidic assay for protein-protein interactions in pico-liter droplets by 
fluorescence polarization using angiogenin (ANG) and anti-angiogenin antibody (anti-ANG Ab) [1]. Angiogenin is a 
14-kDa small polypeptide implicated in angiogenesis and in tumor growth.  

Figure 1. (a) Schematic of the fluorescence polarization facilitated by protein-protein interactions. (b) Layout of the 
microfluidic device for experiment. The AF 488 labeled angiogenin (ANG) solution is flowing into the right inlet, 
while anti-ANG antibody solution is flowing into the left inlet. The phosphate buffered saline (PBS, pH 7.4) is 
delivered into the middle inlet. 
 
EXPERIMENT 

We used angiogenin (ANG) and anti-angiogenin antibody (anti-ANG Ab) as an example of analysis of 
protein-protein interaction. Rosetta strain E. coli (carrying plasmid pET-angiogenin) were used for the expression of 
ANG. Anti-ANG Ab was isolated and purified from serum of rabbit. The purified ANG was labeled with Alexa Fluor 
488 (AF488) dye, using AF488 protein-labeling kit according to manufacturer’s protocol. Also we used 0.1 mg/mℓ 
bovine serum albumin in phosphate buffered saline (PBS, pH 7.4) for dilution. 

Polydimethylsiloxane (PDMS) microfluidic devices were fabricated using standard soft lithographic techniques. 
16th International Conference on 

Miniaturized Systems for Chemistry and Life Sciences 
October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001  752



As shown in Figure 1b, microfluidic devices consists of simple 3-inlet with T-junction. Three input aqueous phases 
were used in all experiments and consisted of angiogenin labeled with AF488 (AF488-ANG), anti-ANG Ab, and 
PBS as shown in Figure 1b. Also, 4% Abil EM 90 in mineral oil was used as a carrier fluid. 

As shown in Figure 2, the fluorescence optical system consisted of a 488 nm diode laser, an inverted 
fluorescence microscope, and a dual polarization detection system. An electron multiplying-charge coupled device 
was used for the detection of polarization emission in experiments. Also bulk fluorescence polarization was 
measured on the Beacon 2000 Fluorescence Polarization System (Invitrogen) to compare with droplet-based 
microfluidic system.  

 
 

Figure 2. Schematic of the optical setup for fluorescence polarization mesurements. The system consists of 488 nm 

laser for fluorophore excitation, 20X objective, dichroic mirror (DC), emission filter (EM), vertical polarizer (VP), 

adjust mirror (M), polarizing beam-splitter (PB), and electron multiplying-charge coupled device (EM-CCD). 

 

RESULTS AND DISCUSSION 

   To confirm the efficacy of our experimental approach, fluorescence intensity and polarization were measured as 
a function of AF488-ANG concentration in multiple droplets. Specifically, the concentration of AF488-ANG was 
varied between 0 and 10 nM by changing the relative flow rates of PBS steams from 0.1 to 0.9 µℓ/min, while the 
total aqueous flow rate was kept contant, maintaining both droplet size and generation frequency. 
   Figures 3a and 3b report the variation of fluorescence intensiy as a function of ANG concentration in both bulk 
and droplet environments. Over the concentration range studied, this variation is linear. Figures 3c and 3d describe 
the variation of fluorescence polarization over an identical concentration range. Not surprisingly, in both 
environments the polarization is of low magnitude and demonstrates no significant variation with AF488-ANG 
concentration.  
 

 
 

Figure 3. Fluorescence intensity (a, b) and polarization value (c, d) versus the concentration of the AF488-ANG in 

bulk fluorescence polarization system (a, c) and droplet-based microfluidic system (b, d). 

 

   Finally, the interaction between ANG and anti-ANG Ab was analyzed using fluorescence polarization within 
microdroplets. Solutions of AF488-ANG, PBS, and anti-ANG Ab were injected through the right inlet, middle inlet 
and left inlet, respectively. This PBS solution was used to separate AF488-ANG and anti-ANG Ab streams prior to 
droplet formation. Accordingly, on-line dilution was performed by varying the relative flow rates of anti-ANG Ab 
and PBS streams from 0.1 to 0.9 µℓ/min, but keeping AF488-ANG flow rate at 0.5 µℓ/min. The total aqueous flow 
rate was kept constant to maintain both droplet size and generation frequency as shown in Figure 4. Using these 
conditions, AF488-ANG was maintained at a concentration of 5 nM, while anti-ANG Ab was varied between 0.4 to 

 753



54 nM. Figure 5 demonstrates the variation in polarization as a function of anti-ANG Ab concentration. It can be 
seen that polarization increases with anti-ANG Ab concentration asymptotically approaching a maximum value at 
high anti-ANG Ab concentrations. The variation in polarization due to the interaction between AF488-ANG and 
anti-ANG Ab. A nonlinear least-squares fit to the data yields KD = 10.4 ± 3.3 nM. For a comparison, KD = 4.1 ± 0.9 
nM extracted from bulk experiments (Figure 5a) and KD = 16.6 ± 2.4 nM from previous droplet-based experiments 
using time-integrated fluorescence detection [2]. 
 

 
 

Figure 4. Examplar fluorescence burst scans recorded over a time period during 500 ms. The concentration of 

AF488-ANG was fixed at 5 nM, while the concentration of anti-ANG Ab was varied (a) 0.8 nM), (b) 12 nM, (c) 45 

nM. IV and IH mean vertical intensity and horizontal intensity, respectively. 

 

 
 

Figure 5. Analysis of interaction of angiogenin (ANG) with anti-angiogenin antibody (anti-ANG Ab) by fluorescence 

polarization. (a) In bulk system, the concentration of AF488-ANG was fixed at 1.25 nM, while the concentration of 

anti-ANG Ab varied 0 to 50 nM. (b) In droplet-based microfluidic system, the concentration of AF488-ANG was 

fixed at 5 nM, while the concentration of anti-ANG Ab varied 0 to 54 nM. 

 
When operating at a droplet generation frequency of 40 Hz and an average droplet volume of 350 pℓ only 14 nℓ 

of sample is required per experiment. This represents a reduction of 4 orders of magnitude when compared to 
equivalent bulk assays. 

 
CONCLUSION 

Herein, we have demonstrated the combination of fluorescence polarization and droplet-based microfluidics for 
rapid analysis of protein-protein interactions. Specifically, the interaction between ANG and anti-ANG Ab was 
successfully analyzed in short times and high precision. A significant advantage when using fluorescence 
polarization to report protein-protein interactions is the requirement for only one labeled molecule. This contrasts 
with other approaches such FRET, which necessitate the labeling of both ligand and analyte. Importantly this means 
that the droplet-based fluorescence polarization assays is suitable for high-throughput screening and diagnostic 
measurements. 
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ABSTRACT 
Detection and quantification of analytes in biological specimens is integral to biomedicine, clinical diagnostics and forensic 
science.  Previously, we described a label-free method for detecting the presence of DNA through magnetic particle 
aggregation.  A stir plate-like device was used to generate a rotating magnetic field (RMF) for particle aggregation; however, 
the magnetic field was only effective for a single well at a time.  Here, we present an improved method sufficient for 
multiplexing the assay, using a dual force approach to enhance the aggregation effect. 

 
KEYWORDS: Label-free DNA detection, Magnetic particle aggregation 
 
INTRODUCTION 

We have developed two related label-free DNA detection modalities through bead aggregation, and these have been 
firmly established at previous uTAS conferences[1,2] and in a recent seminal paper [3].  Non-specific DNA sequences can be 
detected through chaotrope-driven aggregation (CDA), while specific DNA targets bind to oligonucleotides on the surface on 
the beads causing hybridization-induced aggregation (HIA).  To fully implement CDA and HIA as an alternative to 
expensive DNA quantification assays, e.g., qPCR, they require increased throughput capabilities to allow for on-chip 
calibration sample testing. Ultimately, CDA and HIA provide an opportunity for faster pre-quantification and end-point 
detection, respectively, in a total analysis system. 

THEORY 
Magnetic fields are parabolic, thus, lack homogeneity, compromising the ability to effectively quantitate DNA in 

multiple samples simultaneously.  To compensate for the variation in the magnetic field across the microdevice, ‘zones’ of 
varying magnetic strength were established based on their relative distance from the center of the device (Fig. 1B).  
 However, RMF alone causes the particles to move to the side of the microwell, yielding irreproducible results (Fig. 
2A). To distribute the particles homogeneously throughout the microwell (interacting with the sample), an additional force, 
provided by a vortexer, is required. The vortexer alone failed to produce visible aggregates, demonstrating the need for a 
magnetic field for effective binding of the DNA to the particle surface (Fig. 2B).   
 

Figure 1: Schematic of the microdevice used for bead aggregation. A) Each device is fabricated from poly(methyl 
methacrylate) (PMMA) and contains 16 wells that are 5 mm in diameter and 1 mm deep. Wells are vector cut in PMMA 
using a high powered CO2 laser and thermally bonded to a second piece of PMMA. B) Zones of the microdevice. Defined 
regions on device under RMF. Each region grouped based on distance from center of device to center of each well. 
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With a combination of a RMF and agitation, for the first time we show that dual force aggregation (DFA) allowed 
for CDA and HIA to be multiplexed (Fig. 3); here we show results with a 16-plex assay. 

EXPERIMENTAL 
Each assay is performed in 140 seconds in a 5 mm poly(methyl methacrylate) PMMA microwell device (Fig. 1A), 

fabricated through laser ablation and thermal bonding.  The device is contained within the vortexer, with the RMF operating 
from above at 2500 rpm. The aggregates are photographed from above for image processing. 
 
RESULTS AND DISCUSSION 

Initially, DFA was applied to the quantification of pre-purified λ-phage DNA using CDA for generic DNA 
quantification.  In addition to allowing for multiplexing, DFA allowed for a 2-fold reduction in time-to-aggregate and an 
order of magnitude increase in sensitivity over the magnetic field-only method (Fig. 4A).   

Blanks: beads 
remain dispersed 
Samples: beads 
aggregate in the 
presence of DNA 

A B 

Figure 2: Serial dilution curves generated using a single force. A) RMF alone - Slight trend observed, however 
reproducibility at lower concentrations limits its use. [Red – Region A, Orange/Blue – Region B, Green – Region C] B) 
Vortexer alone - No statistical relevance between the each concentration point, and exponential decay not seen compared 
to DFA system. (Same color legend) 

Figure 4: Quantifying λ-phage DNA. A) Natural log standard curves were used to accurately predict concentrations of λ-
phage DNA.  B) Individual standard curve for region LB (from A). C) Correlation between prepared values and measured 
values of a second set of standards using the curve seen in B. Blue points represent individual assays, gold represent the 
average.  

Figure 3: The dual force aggregation system for DNA detection. A) Schematic showing the dual force set-up, with 
the RMF above the microchip and a vortexer below.  B) Image of 16-well microchip after an assay on the DFA 
system. 
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 Moreover, the limit of detection (LOD) was as low as 350 fg/µL, an order of magnitude improvement over fluor-
based quantification.  Using ‘separate zone calibration’, CDA functions over a dynamic range of 350 fg/µL – 12.5 pg/µL 
(Fig. 4B).  Preliminary data on a second set of standard samples (500 fg/µL–8 pg/µL) shows concentrations successfully 
measured to within 20% of their actual values, with three of the five points within 10% (Fig. 4C), all in ~2 minutes, with only 
0.05 USD in reagents. Further studies look to improve correlation to within 5%.  
 Application of DFA to the sequence-specific method, HIA allowed for the detection of as few as one, and as many 
as three, single base substitutions (SBS’s) in target DNA (Fig. 5), demonstrating that HIA [3] has the potential to detect 
strands differing by a single base.  The lack of completely complimentary binding is seen as a 20% decrease in % Maximum 
Aggregation for a SBS.  This suggests that DFA-HIA has the potential to be exploited for multi-array assays for the detection 
of single-point mutations – critical in diagnostics.   

 
 
 
 
 
 
 

CONCLUSIONS 
Overall, DFA presents a novel system, multiplexing CDA and HIA for the first time, while improving significantly 

the sensitivity and selectivity of the assays. CDA has been shown to be quantitative over a dynamic range of 350 fg/µL – 12.5 
pg/µL with an LOD of 350 fg/µL using λ-phage DNA. Further, HIA has demonstrated sequence specificity with the ability to 
detect as few as one single base substitution in target DNA. 
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Figure 5: Using the DFA system to detect single base changes in a given sequence.  A) Sequences illustrating 
the insertion of a base change. Red and purple strands represent the bead-bound oligonucleotide probes, with 
blue nucleotides representing their complementary bases (target).  B) Quantitative HIA response as an 
increasing number of single bases changes are introduced (n=3). Representative photographs of each 
aggregation are shown below. 
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ABSTRACT
This work presents the novel glass nanopillar array based nanoplasmonic lab-on-a-chip for highly sensitive 

surface-enhanced Raman Spectroscopy (SERS). In this work, large-area glass nanopillar arrays are fabricated on 
both sides of the wafers by combination of metal dewetting and reactive-ion-etching (RIE) process. Metal layer is 
deposited onto one side to construct nanoplasmonic biosensing sensor, and remaining one side works as 
nanostructured antireflective (AR) layer to increase the SERS intensity. The simple, cost-effective fabrication
method is very desirable for large-area nanoplasmonic biosensors, and fluidic channel can be integrated for advanced 
bio-applications with SERS.

KEYWORDS
Surface-enhanced Raman Spectroscopy (SERS), Glass nanopillar arrays, Plasmonic biosensor, Antireflective 
nanostructure    

INTRODUCTION
Surface-enhanced Raman Spectroscopy (SERS) has been widely used to acquire vibrational spectra from 

adsorbents on metal surfaces. It has provided great opportunities to detect biomolecules with label-free, 
nondestructive, and highly sensitive methods. The design and fabrication of the nanostructures for advanced SERS 
bio-applications has been an emerging issue.

This work presents the glass nanopillar array based nanoplasmonic lab-on-a-chip for highly sensitive SERS.
Recently, nanoplasmonic substrates have been widely studied and applied to biosensing applications [1]. The strong 
local electric field can be provided by nanoplasmonic substrate, which provides strong SERS. Furthermore, 
combining the plasmonic structures with mico/nanofluidic devices have become an emerging issue for advanced 
SERS bio-applications [2]. 

In this work, glass nanopillar arrays are served as both the nanoplasmonic and antireflective (AR) nanostructures. 
The glass nanopillar array demonstrated here can provide strong and patternable SERS-active nanostructures for 
nanoplasmonic lab-on-a-chip (Figure 1).

Micro-Raman Spectroscopy Observation

AR Glass 
Nanopillars

Increased
Excitation

Increased
Collection

Molecule Raman Scattering

3-D Plasmonic Nanopillars

PDMS

10 kV     500 nm     x150000

Metal coated 
nanopillar arrays

10 kV     500 nm     x150000

Glass nanopillars

Fluidic channel

 
Figure 1. A schematic diagram of glass nanopillar array based nanoplasmonic lab-on-a-chip. The AR nanopillars 

increase the excitation power and SERS signal collecting efficiency for highly intense SERS. The PDMS layer can be 

easily incorporated to construct the fluidic channel.   
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EXPERIMENTAL 

The glass nanopillar arrays are constructed by combining the thin metal film annealing and reactive ion etching 
(RIE) of the glass wafers (figure 2). The silver nanoisland arrays as the etch mask are formed by thermal evaporation 
onto glass wafer, followed by annealing at high temperature. Subsequent RIE step of the wafer manufactures the 
large-scale glass nanopillar arrays. By using the simple fabrication procedures, the glass nanopillars can be defined 
onto both sides of the substrate. 

 
 

Glass

Ag Nanoisland Mask Glass Nanopillars Second Mask

Nanopillar Arrays 
on Both Side

SERS Substrate with 
AR Nanopillars

Microfluidic Chip with 
SERS Substrate

 
Figure 2. Nanofabrication procedures of the glass nanopillar array based nanoplasmonic lab-on-a-chip. The 

combination of metal dewetting and RIE process enables the fabrication of glass nanopillar arrays on both sides of 

the substrate. The glass nanopillar arrays on one side are covered with metal film by evaporation, and PDMS layer 

is covered to construct the microfluidic channel onto nanoplasmonic substrate.     
 
The deposition of second metal layer onto glass nanopillar arrays defines the nanoplasmonic nanopillar arrays. 

The remaining one side works as the AR nanostructures for improving the SERS intensity, therefore provide more 
intense SERS. PDMS layer is covered onto the nanoplasmonic nanopillar arrays to construct the fluidic channel.   

The laser excitation and collection of the SERS spectra from the nanoplasmonic lab-on-a-chip was done by an 
inverted micro spectroscope. The excitation laser wavelength was 632.8 nm, and the excitation power was 0.5 mW 
for benzenethiol monolayer, and 1.6 mW for crystal violet solution. The excitation laser power was controlled by 
neutral density filters. The signal integration time was 1 sec for benzenethiol, and 0.5 sec for crystal violet.  

 
 

RESULTS AND DISCUSSION 
The three-dimensional metal nanoislands are constructed onto the glass nanopillar arrays that provide multiple 

nanogaps for electromagnetic hot spots. The small nanogaps can provide highly enhanced local electric field, which 
serves as hot spots for SERS. The nanogaps can be controlled by metal deposition thickness to maximize the SERS 
intensity. The reduced nanogaps between silver nanoislands onto glass nanopillars provide SERS enhancement factor 
(EF) over 107 [3]. The high density hot spots and high EF over the plasmonic substrate is very promising for 
biosensing applications. 

The AR nanostructures can increase the light-matter interactions [4], which can also enhance the SERS intensity 
from nanoplasmonic structures. Figure 3a shows the significantly enhanced SERS signal from the nanoplasmonic 
substrate with AR structure comprised of glass nanopillar arrays. The benzenethiol monolayers were used as 
reference target molecules. 

The whole and patterned nanoplasmonic nanopillar arrays can be integrated with fluidic chip for constructing the 
nanoplasmonic lab-on-a-chip. Figure 3b shows the SERS measurement from microfluidic channel constructed onto 
the glass nanopillar based nanoplasmonic substrate. Target sample was the crystal violet 1 μM solution. 
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Figure 3. (a) The enhancement of SERS intensity from the nanoplasmonic nanopillar arrays with AR glass 

nanopillars. Target sample was the monolayer of benzenethiol. (b) SERS measurement of crystal violet (1 μM) from 

nanoplasmonic nanopillar arrays integrated with the microfluidic channel. 
 
 

CONCLUSIONS 
This work demonstrates the glass nanopillar array based nanoplasmonic lab-on-a-chip for highly sensitive SERS. 

The simple method demonstrated here can provide easy fabrication of glass nanopillar arrays at wafer level. The 
nanopillar arrays serves as the nanoplasmonic and AR nanostructures. Furthermore, the patternablity and tunability 
are also very useful for the plasmonic sensing of the biomolecules with integrated lab-on-a-chip. The nanoplasmonic 
lab-on-a-chip with highly sensitive nanoprobes and AR nanopillars will provide the advanced applications in 
biosensing, analytical and biomedical field in the future. 
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ABSTRACT 
    We report a rapid, ultrasensitive, immobilization-free and signal-on electrochemical DNA biosensor with 
excellent discrimination ability for single-nucleotide polymorphisms. It achieves recognition signal generation by the 
specific cleavage function of exonuclease III and the diffusion different between oligonucleotides and 
mononucleotides towards a negatively charged ITO electrode surface. Meanwhile, signal can be further amplified by 
target recycling resulting from the probe digestion process. Combining the advantages of immobilization-free 
electrochemical detection and isothermal signal amplification strategy, the presented approach may represent a 
promising path toward direct DNA detection at the point of care.  
 
KEYWORDS 
Exonuclease iii, immobilization-free, electrochemical, DNA detection. 

 
INTRODUCTION 

Electrochemistry-based biosensors which are able to detect ultralow concentrations of specific DNA sequences 
have received particular attention over the past decade, because of the fact that they can provide rapid, simple and 
low-cost on-field detection. Up to now, most of existing electrochemical DNA biosensors require a probe 
immobilization step which is usually laborious, time-consuming and with low DNA hybridization efficiency, 
therefore limiting their practical application. To overcome this bottleneck for electrochemical DNA sensing, our 
group has recently developed a new immobilization-free platform for electrochemical DNA detection [1-2], in which 
all the DNA hybridization occurs in a solution phase instead of on a substrate-solution interface. Based on this 
unique platform, we reported an electrochemical melting curve analysis technology at microTAS 2009 [3] and a 
signal-on immobilization-free electrochemical detection strategy for DNA and polymerase at microTAS 2010 [4]. 
One of the issues of this solution-phase detection strategy is that its sensitivity is not as high as the traditional 
immobilization-based ones, as a result of the diffusion-controlled nature of the detection scheme. In order to improve 
the detection sensitivity, integration with signal-amplification mechanisms such as target recycling is considered to 
be a promising solution.  

In this study, we demonstrate a versatile exonuclease III-assisted electrochemical biosensor for direct detection of 
DNA in homogenous solution with excellent sensitivity and selectivity. This DNA biosensor employs a methylene 
blue-labeled electrochemical molecular beacon (MeMB) with a protruding 3’ terminus as the signaling probe and 
negatively charged indium tin oxide (ITO) electrode as the working electrode. It takes the advantage of 
strand-specific exonuclease activity of exonuclease III to achieve selective enzymatic digestion of MeMB signaling 
probe upon the hybridization with target sequence. Exonuclease III is an enzyme which has a specific 
exo-deoxyribonuclease activity for duplex DNAs in the direction from 3' to 5' terminus. However, its activity on 
single-stranded DNA and duplex DNAs with 3'-protruding end is limited. In another way, the enzyme’s preferred 
substrates are blunt or recessed 3’ terminus. As Fig. 1 showed, in the presence of target DNA, the MeMB probe with 
protruding 3’ terminus recognizes and hybridizes with the target DNA to form a probe/target duplex in the form of a 
3'-blunt end at the MeMB probe and a 3'-protruding end at target DNA. In this way, exonuclease III specifically 
recognizes this structure and selectively digests the MeMB probe from the 3’ terminus, releasing methylene 
blue-labeled mononucleotide (MeNT). Unlike the negatively-charged MeMB probe, the released MeNT, because of 
the less extent of electrostatic repulsion with a negatively charged substrate surface, would diffuse freely to the 
negatively charged ITO working electrode, contributing to an increase of electrochemical signal. Meanwhile, the 
target DNA dissociates from the duplex and recycles to hybridize with a new MeMB probe, leading to gradual 
digestion of a large amount of MeMB probes and significantly amplify the electrochemical signal to achieve high 
sensitivity. 

 
EXPERIMENT 

The electrochemical measurements were conducted on an indium tin oxide (ITO) coated glass chip (Fig. 2), 
which is similar to the one previously reported by our group for the immobilization-free sequence-specific 
electrochemical detection of DNA. [4]. The chip has four patterned circular ITO spots serving as working electrodes, 
a Pt counter electrode and a Pt pseudo-reference electrode. For the immobilization-free detection of 
sequence-specific DNA, 50 µL of 1 × NEBuffer 1 containing 2 µM MeMB probe 
(5’–AGGAAGACGTACGTATCTTCCTTTTGTT-methylene blue-C-3’), 100 units of exonuclease III and varying 
concentrations of the target DNA (5’-GAACAAAAGGAAGATACGTACGAGAAGGAAAAATC-3’), 100 nM of 
the single-base-mismatched DNA (5’-GAACAAAAGGAAGTTACGTACGAGAAGGAAAAATC-3’) or 100 nM of 
the three-base-mismatched DNA (5’-GAACAAAAGGAACTAACGTACGAGAAGGAAAAATC-3’) was incubated 
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at 37 °C for a certain period of time. Then, for each differential pulse voltammetric (DPV) scanning, 1.5 µL of the 
mixture solution was pipetted onto the chip to cover the Pt counter electrode, the Pt pseudo-reference electrode and 
one of the ITO working electrodes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The working principle of the exonuclease III-assisted electrochemical DNA biosensor. 
 

 
 
 
 
 
 
 
 
 

Figure 2: Schematic showing the chip for electrochemical measurements.  
 
Due to the cyclic digestion process of the MeMB probes, the designed electrochemical DNA biosensor showed a 

very good performance on sensitivity. The sensitivity was investigated by challenging it with different concentrations 
of the target DNA. The samples were all incubated at 37 oC for one hour, and then, the response of the peak current 
of methylene blue was measured with DPV scans. As Fig. 3 showed, we readily achieved a 20 pM experimental 
detection limit of target DNA without any background subtraction. Above this concentration, the average 
peak-currents showed a good linear correlation with the concentration of the target DNA in the range of 20-300 pM. 
To further improve detection sensitivity, nano-structured redox cycling electrode arrays will be incorporated into the 
platform, which is currently under investigation in our group (Fig. 4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: DPV scans of reaction mixtures containing 2 µM signaling probe, 2 unit/µL exonuclease III and 
varying concentrations of target DNA after incubation at 37 oC for 60 min. 
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Figure 4: (A) Schematic showing the signal amplification mechanism of redox cycling dual electrodes; (B) Photo 
of the redox cycling electrode array; (C) Photo of a redox cycling dual electrode. 

 
Unlike traditional electrochemical DNA biosensors immobilizing probes on the electrode which hampers the 

selectivity, our electrochemical DNA biosensor requires no probe immobilization step and all the hybridization is 
occurred in homogenous solution phase. Thus, it exhibits an excellent selectivity.  In order to demonstrate this point, 
we challenged our sensor using 100 nM perfectly matched targets, single-base-mismatched targets and 
three-base-mismatched targets, respectively. As Fig. 5 showed, the resulting signal was 71% of the signal obtained 
with the perfectly matched target for single-base-mismatched targets and 49% for three-base-mismatched targets. 
This result shows the potential for this electrochemical DNA biosensor to discriminate between single nucleotide 
polymorphisms (SNP). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: DPV scans of reaction mixtures containing 2 µM signaling probe, 2 unit/µL exonuclease III and 100 
nM fully-matched target DNA, 100 nM single-base-mismatched DNA, 100 nM three-base-mismatched DNA or 0 

µM target DNA in 1 × NEBuffer 1, after incubation at 37 oC for 60 min. 
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DETECTION OF METALLIC ELEMENTS IN A SINGLE CANCER CELL 
USING MICROFLUIDIC DEVICES COUPLED WITH ICP-MS  

Yoshiyuki Miyazaki1, 2, Takao Yasui1, 2, Kazumi Inagaki3, Yukihiro Okamoto2, Noritada Kaji1, 2, 
Tomonari Umemura1, Manabu Tokeshi2, 4, and Yoshinobu Baba1, 2, 5 

1Department of Applied Chemistry, Nagoya University, Japan, 
2FIRST Research Center for Innovative Nanobiodevices, Nagoya University, Japan, 

3Metrology Institute, National Institute of Advanced Industrial Science and Technology (AIST), Japan 
4Division of Biotechnology and Macromolecular Chemistry, Hokkaido University, Japan, 

5Health Research Institute, National Institute of Advanced Industrial Science and Technology (AIST), Japan 
 
ABSTRACT 
  This paper presents a new single cancer cell analysis technique to combine microfluidic devices with inductively 
coupled plasma-mass spectrometry (ICP-MS).  Inherent signals of cancer cells were quantitatively evaluated by 
launching the cells into ICP-MS via the microfluidic devices.  
 
KEYWORDS 
Single Cell Analysis, ICP-MS, PDMS. 
 
INTRODUCTION 

Single cell analysis technology has received much attention because of its capability of high accurate and 
quantitative analysis for each cell.  Cells, which have a risk to be cancer cells, have the potential to change the 
inertial amount of metallic elements [1], and this slight variance are anticipated to be innovative biomarkers for an 
early cancer diagnosis.  In this study, we fabricated the microfluidic devices to make cancer cells keep in line, 
analyzed behaviors of these cells under high-speed camera, and finally, launched those cells into ICP-MS via a 
nebulizer.  The outline for the new single cell analysis system, and the design of microfluidic devices are shown 
in Figures 1(a) and 1(b), respectively. 

 
Inside microchannels with high-aspect ratio, particles are caused to align into two evenly-spaced streams (Figure 
2(a)).  We combined this self-organized alignment with sheath flow, and forced cells to make an array with equal 
intervals.  A photograph of fabricated microfluidic devices which were made by poly(dimethyl siloxane) (PDMS) 
and glass was shown in Figure 2(b).  In Figure 2(c), flow rates for appropriate sheath flow were examined, and an 
optimum condition seemed to be lower one. 

  

Figure 2  (a) Expected behavior of particles inside the microchannel (upper: top view, lower: side view) 
(b) Photograph of the fabricated microfluidic device.  (c) Effect of flow rate in inlet 2 on sheath flow behaviors. 
 

(a) (b) (c) 
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Figure 1  (a) Schematic of the system for single cell analysis. Cells inside microchannel were kept in line and 
launched to ICP-MS.  (b) Details of the microchannel design; it had a high aspect ratio.  Particulate solution 
and PBS were introduced from inlet 1 and 2, respectively. 
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EXPERIMENT 

We designed and fabricated some microfluidic devices using soft lithography and PDMS.  

Microbeads and cancer cells were introduced into these microfluidic devices, and those behaviors were 

captured by high-speed camera.  PBS and suspension were introduced using syringe pumps.  After 

that, we connected microfluidic devices into ICP-MS and measured the metallic elements.  We used 

capillary tubes to connect an outlet of the microfluidic device into a nebulizer (details are shown in 

RESULTS AND DISCUSSION). 
 

RESULTS AND DISCUSSION 

Figure 3(a) shows the evenly positioned 10 μm microbeads.  Sandwiched PBS flows forced 

microbeads to make the array with equal intervals inside a wider microchannel (Figure 3(b)), and the 

experimental setup using high-speed camera (8000 frames/s) is shown in Figure 3(c). Passing positions 

inside the wider microchannel were counted and made a histogram of microbeads’ position inside the 

microchannel, leading to verification of an ability to make the array. 

 
And also, human lung cancer cells (H1299) were 

introduced into these devices and in the same way as 

described above, these cells were forced to make the array 

inside the microchannel by sheath flow forces (Figure 4; 

flash photography, at intervals of 45 ms).  The 

phenomenon performed here, i.e., making the array of cells 

with equal intervals inside microfluidic devices, are of 

great importance, because the line of cells will make steady 

signals with periodic pattern, resulting in distinguish 

between healthy cell signals and cancer ones. 

 

 

 

 

 

 

 

 

 

  

Figure 3  Micrographs inside microchannel.  Particles’ behavior was captured by high-speed camera.  (a) 
Microparticles were arranged in two rows because of the balance of the two forces inside the high aspect-ratio 
microchannel.  (b) Microparticles were arranged in a row by sandwiched PBS flows.  (c) Photograph of 
experimental setup. 
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Figure 4  Flash photo of a cancer cell in 
the microchannel. 
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After making the array of cells with equal intervals inside the microchannel, we connected 

microfluidic devices into ICP-MS.  Detail of the connection between the microfluidic device and 

ICP-MS is shown in Figure 5.  We used capillary tubes to connect an outlet of the microfluidic device 

into a nebulizer, which can continuously launch the cells into ICP-MS because it does not have any 

drains.  Magnesium signals, which should be derived from cancer cells, were measured by ICP-MS and 

represented. 

 
CONCLUSIONS 

We succeeded to make microbeads keep in line into the microchannel.  Magnesium signals, which might be 

derived from cancer cells, were measured by ICP-MS.  If we measure all metallic elements included a cell, 

our developed technique would have a potential to be an innovative cancer diagnostic method.  
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Figure 5  H1299 were introduced into the microfluidic device and launched to ICP-MS.  The microfluidic 
device and ICP-MS were connected with capillary and nebulizer.  A structure of the nebulizer is shown in the 
upper middle. Magnesium signals, which might be derived from cancer cells, were measured. 
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REAL-TIME FISH USING OPTICALLY DRIVEN MICROSPHERES 
FUNCTIONALIZED BY THE HOMOLOGOUS RECOMBINATION 

PROTEIN, RecA  
Hidehiro Oana, Tatsuya Shino, Kaori Nishikawa, Masao Washizu 

The University of Tokyo, Japan 
 
ABSTRACT 

Here, we demonstrate the active probing of a specific sequence without thermal denaturation of a target 
double-stranded DNA by using a recombination protein, RecA. A microsphere with single-stranded DNA-RecA 
complexes on its surface was optically manipulated and slid onto the target DNA, and a strong interaction between 
the target DNA and the microspheres at the specific position of the target DNA was observed. This result shows the 
potential use of recombination proteins to facilitate detection of specific DNA sequences with spatial information, 
i.e., real-time FISH. 
 
KEYWORDS 
DNA, FISH, Optical tweezers, RecA 
 
INTRODUCTION 

Detecting specific sequences with spatial information along a target DNA strand is an important technique in 
DNA analysis because it facilitates the assembly of genomic sequences, genetic identification, and other various 
DNA-related applications. A well-known current method is fluorescence in situ hybridization (FISH). In FISH, a 
target double-stranded DNA (dsDNA) is first thermally or chemically denatured to open up the double strand and 
expose the bases present within. Then, a fluorescently labeled oligonucleotide probe is added and allowed to bind to 
its complementary site, the location of which is visualized by fluorescence microscopy. [1] However, due to the 
helicity of the dsDNA, the denaturation is only partial, and the probe must find its denatured target position by 
diffusion. In addition, immobilization of the target dsDNA on a surface can cause steric hindrance during 
denaturation and hybridization, whereas excessive denaturation by heating can damage the target dsDNA. [2] As a 
result, FISH is often a very inefficient and time-consuming process with lack of reproducibility, requiring highly 
trained people. 

In contrast, a highly efficient DNA sequence-detection system is present in cells; this process is known as 
homologous recombination. A protein called RecA plays a role in repairing damaged dsDNA by using the 
homologous sequence in its diploid counterpart. As shown in Figure 1, RecA first binds to the enzymatically 
exposed single-stranded (ss) portion of the broken DNA, migrates to the counterpart dsDNA in search of the 
complementary position to promote recombination, and reproduces the lost portion. The process takes place at 
physiological temperature and is completed within 5–10 minutes. [3] 

We previously proposed the use of RecA for FISH and reported a single-molecule observation of the binding of 
the fluorescently labeled ssDNA-RecA complex onto dsDNA that was electrostatically stretched-and-positioned 
onto microelectrodes. [4] However, the because of nonspecific binding, the signal-to-noise ratio (S/N) of the 
measurement was impractically low. In this study, we proposed a novel method of FISH using a microsphere on 
which the ssDNA-RecA complexes are immobilized. Here, the target dsDNA is stretched-and-fixed at both ends and 
suspended on the cover slip to prevent steric hindrance, which is different from conventional FISH. When the 
microspheres were in contact with the suspended target dsDNA and were induced to scan along it by using optical 
tweezers, we observed a strong interaction between specific positions of the target dsDNA and the microsphere.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Common pathway of homologous recombination 
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EXPERIMENTAL 
We used 2 oligonucleotides (Japan Bio Services) as ssDNA in this study, with the following sequences: 
 
Oligo-1: 5′-GCC TAG TGA TTT TAA ACT ATT GCT GGC AGC ATT CTT GAG TCC AAT ATA AAA GTA 

TTG TGT ACC TTT TGC TGG GTC AGG TT-3′ and 
Oligo-2: 5′-AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA 

AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA AA-3′.  
 

These oligonucleotides were 80-mers and biotinylated at the 5′-end by the supplier. Oligo-1 was designed to be 
complementary to λ DNA (48.5 kb, 16.5 µm) from the nucleotides 26122 to 26201. On the other hand, Oligo-2, i.e., 
80-mer poly-A, was complementary to λ DNA of a maximum length of 8 nucleotides. RecA protein was purchased 
from New England Biolabs, and ATP was purchased from Roche. As the target dsDNA, λ DNA concatemer (several 
λ DNAs linked in series) was purchased from Bio-Rad, and the nucleic acid stain SYBR Gold was purchased from 
Invitrogen. Streptavidin-coated polystyrene microspheres (2 µm in diameter) for the probing microsphere and 
carboxylate polystyrene microspheres (6 µm in diameter) for immobilizing target dsDNA were purchased from 
Polysciences, Inc. Poly-L-lysine (PLL, Mn = 300,000) was purchased from Sigma-Aldrich. 

Microspheres for sequence probing (hereafter, probing microspheres) were prepared as follows: First, 
streptavidin-coated microspheres and biotinylated ssDNA were incubated in 20 mM HEPES-KOH (pH 7.5) at room 
temperature for 1 h. Then, RecA was added to form ssDNA-RecA complexes on the microspheres by incubation in a 
buffer containing 20 mM HEPES-KOH (pH 7.5), 1 mM ATP, 10 mM dithiothreitol, and 1 mM MgCl2 at 37°C for 10 
min. Figure 2 shows the schematic diagram for the preparation of the probing microspheres. Meanwhile, PLL-coated 
microspheres for target dsDNA immobilization were prepared by coupling of primary amines of PLL with carboxyl 
groups on the carboxylate microspheres. 

Figure 3 shows a schematic side view of the experiment of the real-time FISH. First, PLL-coated microspheres 
were scattered on a cover slip and immobilized randomly, and then, the target dsDNA (λ DNA concatemer) 
molecules were added so that they could be stretched hydrodynamically and fixed at both ends on the PLL-coated 
microspheres in a random manner. Subsequently, probing microspheres were introduced, and one of them was 
picked up and moved along the fixed target dsDNA by using optical tweezers. The interaction between the target 
dsDNA and the probing microsphere was then examined. If RecA functions as expected, the probing microsphere 
should have higher binding affinity to the complementary position, and therefore be arrested there. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

Figure 2. Preparation of the RecA-ssDNA-microsphere probe, i.e., probing microsphere 
Streptavidin-coated polystyrene microsphere was coupled with 5′-biotinylated ssDNA, followed by the 
binding of RecA to the ssDNA. The diameter of the polystyrene microspheres was 2 µm.  
 

 

Figure 3. Schematic side view of the real-time FISH experiment: searching a specific sequence along the 
target DNA with the RecA-ssDNA-microsphere probe driven by optical tweezers (not to scale). If the 
RecA-ssDNA complex on the microsphere is functional, it is expected that the RecA-ssDNA complex 
invades the dsDNA, and the probe is fixed on the target DNA where a complementary sequence exists. 
Experiments were performed at room temperature. 
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RESULTS AND DISCUSSION 
When the poly-A (Oligo-2)-immobilized microsphere was moved at a constant speed (ca. 1 µm/s) along the 

target DNA, it slid smoothly and no stiction was observed, indicating that non-specific binding does not affect the 
microsphere’s movement with optical tweezers. In contrast, when we used the probing microsphere with 
complementary ssDNA (Oligo-1), sticking occurred along the target DNA, and under these conditions the 
microsphere escaped the optical trapping and remained in the position. When the arrested microsphere was retrapped 
by the optical tweezers and moved perpendicularly, the target DNA was observed with bending at the location. 
Figure 4 shows a representative image, where 4 probing microspheres are arrested on the target DNA. The arrested 
positions appeared intermittently along the target λ DNA concatemer, and their intervals were comparable to the 
contour length of λ DNA. This indicates that complementary bindings occur between Oligo-1 and the central part of 
each λ DNA in the λ DNA concatemer.  

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSION 
In conclusion, we successfully demonstrated a novel real-time FISH method with the use of optically driven, 

RecA-functionalized microspheres. This method does not require thermal denaturation of the target dsDNA and 
facilitates specific DNA sequence detection with spatial information.  
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Figure 4. (A) Representative fluorescence image of RecA-ssDNA-microsphere probes binding to the target 
λ DNA concatemer that is stretched-and-fixed at both ends with PLL-coated microspheres. (B)The binding 
affinity was sufficiently strong that it prevented detachment of the binding probes by optical tweezers. The 
white arrow indicates the direction of pulling with optical tweezers. Target DNA was visualized using 
SYBR Gold. 
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ABSTRACT 
    This paper reports a novel method of fabricating gold nanoparticle-based hydrogel microparticles for use as 
contrast agents for X-ray computed tomography (CT) imaging. In contradistinction to the current clinically available 
iodine-based CT contrast agents, as well as recently developed CT contrast agents including gold or tantalum oxide 
nanoparticles, the approach presented herein yields an engineering flexibility to the design of contrast agents. The 
capability to precisely fabricate particles of varying shape, size, and elasticity offers myriad advantages for biomedical 
imaging and sensing applications, when compared to currently available agents.   

KEYWORDS 
Contrast agents, Computed tomography, Microfabrication, Gold nanoparticle  

INTRODUCTION
Contrast agents are substances used to enhance the contrast of structures or fluids within the body. The use of 

these agents in X-ray computed tomography (CT) serves to potentiate and deliver the full potential of CT imaging 
for biomedical imaging. The CT contrast agents which are currently commercially available in the clinic are 
typically in the form of water soluble organic iodine compounds [1]. However, this class of contrast agents has many 
drawbacks, including the relatively short blood circulation time secondary to rapid renal excretion, the suboptimal 
attenuation of iodine in the range of X-ray energies appropriate for CT imaging, and the lack of specificity for any 
particular disease process. Recently, nanoparticles, including gold and tantalum oxide nanoparticles, have been 
developed to mitigate several of the limitations of iodinated contrast agents [2-4]. Fundamental limitations of gold 
nanoparticles (GNPs) include the significant cost considerations of gold nanoparticles for clinical imaging. In 
addition, the bottom-up approach to nanoparticle synthesis lacks the capability to precisely tune particle size and 
shape, both of which are critical determinants of in vivo, biological behavior.  

This paper reports a novel method of fabricating GNP-based hydrogel microparticles for use as contrast agents for 
X-ray computed tomography (CT) imaging. By employing top-down fabrication, the approach presented herein yields 
an engineering flexibility to the design of contrast agents of precisely defined and tunable shape, size, and elasticity. In 
addition, the use of a nanoparticulate material as the X-ray attenuating payload addresses the potential limitations of 
particle stability identified with iodinated hydrogel particles [5]. 

EXPERIMENTS 
Gold nanoparticles (GNPs) have many applications in chemical and biological systems, such as drug and gene 

delivery vehicles, thermal therapy, and sensing agents, among others [6]. Hydrogels have been widely used as a 
biocompatible, environmentally responsive material for myriad biomedical applications [7]. We sought to leverage 
the properties of GNPs and hydrogels to fabricate CT contrast agents. To this end, we employed a novel transparent 
film transfer technology to yield GNP-based hydrogel particles which affords precise control of particle size, shape, 
and elasticity, designed to meet the requirements of a next generation contrast agent, given the increasing realization of 
the effects of these particle properties on in vivo behavior [8].  

       
Figure 1: Microfabrication process flow for hydrogel particles: (a) drop-coating of hydrogel precursor on the  

wafer; (b) placement of transparent polymer film on the hydrogel layer; (c) photolithography through a photomask; 
(d) release of hydrogel layer from wafer; (e) photo showing microfabricated hydrogel patterns on flexible PET film. 

The fabrication process is shown in Fig.1. Firstly, macromers comprised of poly(ethylene glycol) diacrylate 
(PEGDA) (average Mn 575, Aldrich) and a GNPs solution (AccurateTM, Nanopartz Inc.) were drop-coated on silicon 
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wafers. These hydrogel presolutions were prepared in deionized water and also included 1.5% 
2-hydroxy-2-methylpropiophenone as a photoinitiator. Subsequently, a transparent polymer film was placed on the 
hydrogel layer in order to serve as a supporting substrate for hydrogel particles. We selected the polyethylene 
terephthalate (PET) film as the transparent polymer given its adhesion with the hydrogel particles. Next, the 
macromers were exposed to UV light through a photomask to yield polymerization of the hydrogel. Finally, the PET 
film with the adherent hydrogel pattern was readily separated from silicon substrate.  

Fig.2 demonstrates several nonspherical hydrogel particle arrays with different shapes and sizes fabricated using 
this simple method. A surgical blade was employed to mechanically peel away hydrogel particles from polyethylene 
terephthalate (PET) film and harvest them for subsequent use as shown in Fig.3. 

 

    
Figure 2. SEM of hydrogel particles on the PET film demonstrating variation in size and shape. 

 

 
Figure 3. Optical microscopy image showing circular and triangular hydrogel particles peeled away from the 

PET film. 
 

RESULTS AND DISCUSSION 
The nanoindentation method from contact mechanics was used to measure the elasticity of hydrogel sample. 

Herein, we employed a quasistatic punch testing with the cylindrical flat tip to obtain the load-deflection relationship 
curve and elasticity of hydrogel samples as shown in Fig.4. The elastic module of hydrogel particle can be readily 
adjusted from 0.1MPa to 1.7MPa by changing the PEGDA volume concentration in the hydrogel precursor. This 
tunability yields an additional degree of freedom over contrast agent design and is an important feature in optimizing 
contrast agent design. 

 

           
Figure 4:  (a) Quasistatic load-deflection relationship in nanoindentation; (b) Elastic module of hydrogel with 

different PEDGA volume concentrations. 
 

 
Figure 5.  3D CT image demonstrating X-ray attenuation of the GNPs-based hydrogel structures. 
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The GNP-based hydrogel sample with 10mg/mL GNPs concentration was tested using 70 kVp and 113 µA of 
X-ray energy in a microCT instrument. The CT image of a GNPs-based hydrogel microstructure is shown in Fig.5 
(structured in the shape of letters “BU-CT”), demonstrating very good X-ray attenuation of the fabricated hydrogel 
structures.  Finally, we used a clinical CT scanner to evaluate the rate of leakage of the GNPs from a hydrogel 
immersed in the water. Compared with iodinated hydrogel particles [5], it can be seen that there is no detectable 
leakage by 32 hours based on Fig.6, supporting its further development as a long circulating contrast agent. 

 

 
Figure 6.   CT image of GNPs-based hydrogel sample after 5 hours (leftward) and 32 hours (rightward) immersion 
in water. The white arrows point to hydrogel sample, the attenuation of which remained stable throughout this time. 

 
CONCLUSIONS 

The CT contrast agent presented herein, to the best of our knowledge, represents the first top-down fabrication 
approach to next-generation CT contrast agent design employing a gold nanoparticle payload. The fabrication 
methodology presented herein allows for precise control over critical particle parameters, including size, shape and 
elasticity. This approach has the potential to significantly increase vascular circulation times, improve sensitivity and 
disease specificity for certain imaging applications such as cancer, afford multiplexing capability through the 
incorporation of materials beyond gold, and has the potential for functional imaging and sensing with the use of 
environmentally responsive hydrogel structures.  
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Figure 1. Schematics of the device and LFDA. (a) Schematics of the power-free microfluidic device. PDMS absorbs air 
in the outlet chamber thus being a self-stand pumping device. (b) Enlarged view of the channel. (c) Enlarged cross-
sectional view.  F-SA: FITC-labeled streptavidin, B-anti-SA: biotinylated anti-streptavidin. 

SUB-ATTOMOLE DETECTION OF MicroRNA IN TWENTY MINUTES
USING POWER-FREE MICROFLUIDIC CHIP:

TOWARDS POINT-OF-CARE TESTING 
Hideyuki Arata, Hiroshi Komatsu, Kazuo Hosokawa,* and Mizuo Maeda

RIKEN  (Institute for Physical and Chemical Research), Japan 
 
ABSTRACT

This paper reports the first achievement in sub-attomole microRNA detection on the microfluidic device real-
ized by laminar flow-assisted dendritic amplification (LFDA). This method allows us to detect microRNA at a 
limit of detection of 0.5 pM from 0.5 µL sample solution, which corresponds to 0.25 attomole, with the detection 
time of 20 min. Since some miRNAs circulating in blood have been found to have strong relation to specific can-
cers, this method, together with the advantages of self-reliance of this device, might substantially contribute to the 
future point-of-care early-stage cancer diagnosis. 
 
KEYWORDS
MicroRNA, Point-of-care (POC), Microfluidics, PDMS, Surface hybridization 
 
INTRODUCTION

MicroRNAs (miRNAs) are short, highly conserved non-protein-coding single-stranded RNAs of typically 18 to 24 bases. 
MiRNAs repress gene expression in a sequence-dependent manner, and are associated with various human diseases including 
diabetes, Alzheimer’s, and cancer [1,2]. Thus, miRNAs have become increasingly important in determining disease diagnosis 
and prognosis. Some of miRNAs circulate in human body fluid with extremely low concentration at the early-stage of cancer, 
and its expression profiling can detect or even classify cancer in human body [3]. Therefore, highly sensitive miRNA detec-
tion will open a new field of early-stage cancer diagnosis.  

Various techniques, such as quantitative PCR (qPCR), deep sequencing and oligo microarrays, are the major technical 
platforms for miRNAs profiling with their own strengths and drawbacks [4]. Those techniques allow detection and quantifi-
cation of miRNAs over the hurdles by intrinsic properties of miRNAs, such as small size, wide range of melting temperature 
and large number of highly homologous sequence variants. Considering the point-of-care (POC) diagnosis, there are several 
additional requirements besides high sensitivity, such as short detection time and small sample volume. Those detection pro-
cesses should be completed on a portable and compact device, which does not require huge equipment or trained personals to 
operate. Due to those various requirements, none of the current techniques meets all the requirements for POC diagnosis. 
This paper reports a new method for easy, rapid, and highly sensitive miRNA detection with limit of detection (LOD) of sub-
attomole using a power-free PDMS microfluidic-chip by adopting laminar flow-assisted dendritic amplification (LFDA) [5]. 
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Figure 2. Fluorescent signals and their pro-
files. (a) Microscopic view of an amplified 
fluorescent signal after five minutes of LFDA. 
(b) Profile of fluorescent signals. 

Table 1. Sequences of oligonucleotides used in this study. 

Nucleic acids Sequence (from 5’ to 3’) 
Aminated probe DNA NH2- TTT TTT TTT TTT TTT TCA ACA 

TCA GT 
Biotynilated probe DNA CTG ATA AGC TA-biotin 
Target miRNA (miR-21) UAG CUU AUC AGA CUG AUG UUG 

A 
Random miRNA UGG UGC GGA GAG GGC CCA CAG U 
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Figure 3. Time courses of amplified fluorescent signals. MiRNA 
concentrations were varied from 0 M (blank signal) to 10 nM. 

EXPERIMENTAL 
Probe DNAs were patterned onto the 

glass substrate and a power-free poly-
dimethylsiloxane (PDMS) microfluidic de-
vice with a pair of Y shape microchannels 
was fabricated as reported elsewhere (Fig-
ure 1) [6]. Symbols and sequences of oligo-
nucleotides, probe DNAs and miRNAs, 
used in this study are listed in Table 1. 
MiR-21 was adopted as a model sequence 
since it is one of the most well-known miRNAs as cancer markers [7,8]. The sandwich construction was designed to take an 
advantage of coaxial stacking effect, which enhances the hybridization efficiency [9]. 

Experimental protocols were as follows. First, blocking solution (BS) (1 % Roche BR, 0.02 % (w/v) SDS, 5×SSC, 0.05% 
Tween 20) was injected into all the channels and incubated for three minutes. Next, 10 nM ~ 0.1 pM miRNA sustained in the 
0.5 µL BS was injected from the left channel, together with 1 µM of biotinylated probe DNA in 1 µL BS from the center 
channels, and 0.5 µL BS from the right channel. Finally, after five minutes, fluorescent streptavidin (2.5 µg/mL in BS) was 
injected from the left and right channels simultaneously with biotinylated anti-streptavidin (25 µg/mL in BS) from the center 
channels. Fluorescent signals were captured by CCD camera and analyzed by the software (ImageJ). Calibration curves were 
plotted from the fluorescent signals at the elapsed time when the right channel (Blank signal) started to increase by non-
specific binding. 
 
RESULTS AND DISCUSSION 

The signal was amplified after trapping the sample miRNA by sandwich hybridization. Figure 2 (a) shows typical image 
of fluorescence microscopy with the target miRNA of 100 pM at elapsed time of five minutes after the initiation of LFDA. A 
bright line appeared at the expected position; it appeared only on the area with the aminated probe DNA in the left channel in 
which the target miRNA had been supplied. This image proved that the LFDA successfully took place in a target-dependent 
manner. A fluorescence intensity profile plot across the microchannels is shown in Figure 2 (b). In this plot, outer half of the 
both channels have significant fluorescence from the bulk F-SA solution. Inner half of the both channels have slight fluores-
cence, which were adopted as background levels. We defined the peak intensity in the left channel from the background level 
as the signal and the maximum intensity in the right channel from the background level as the blank reference.  

Figure 3 shows the time courses of signals generated by the LFDA 
with various concentrations of the target miRNA. The signals began to 
rise from the initial value (F-SA bulk fluorescence) at some time, de-
pending on the target concentrations. Generally, a higher concentration 
caused an earlier rise. The blank sample showed the latest rise, typically 
after the elapsed time of five minutes, which was probably initiated by 
nonspecific adsorption of F-SA or B-anti-SA. Once the signals rose, they 
exponentially grew at similar rates. As a result, higher signals were ob-
tained with higher target concentrations.  
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Figure 4. Signal to blank ratio vs. miRNA con-
centration. Inset is the expanded view at low 
concentrations. 

Parameter for the calibration curve was defined as the ratio of sig-
nal over blank reference at the elapsed time when the blank reference 
in the right channel started to rise by non-specific binding (Figure 4). 
The data points of the calibration curve were fitted with the four-
parameter logistic function and the LOD was evaluated by the 3σ crite-
rion. As a result, we obtained an LOD of 0.5 pM, which corresponds to 
0.25 amol. This LOD, in terms of the number of molecules, is below 
the LOD in most of the previous reports concerning solid-phase hy-
bridization assays of miRNA without enzymatic amplification [10]. 
Compared to conventional methods, such as qPCR, sequencing and 
microarray, which usually require a few hours to an overnight incuba-
tion, detection time was drastically shortened. This is also the first 
achievement of this LOD in 20 min among any existing techniques that 
can detect or quantify miRNA. Therefore, we have proven that the 
combination of the power-free microfluidic device and the LFDA is 
effective for the simple, rapid, and sensitive detection of miRNA. 
 
CONCLUSIONS AND OUTLOOK 

This paper reported a new method for easy, rapid, and highly sensitive miRNA detection with a limit of detection (LOD) 
of sub-attomole adopting LFDA using the power-free PDMS microfluidic device. In our previous study, miRNA detection by 
sandwich hybridization was proven to be capable of multiple sequence detection from the same sample solution [9]. This ca-
pability strongly support the fact that miRNA detection by this device is a promising technology in cancer diagnosis, because 
each cancer is considered to have only a few number of corresponding marker miRNAs, which may exclude the need for 
screening hundreds of sequences by conventional array chip.  

For practical application, the optical and electrical equipment for signal output should be miniaturized or combined with 
existing electronic devices [11]. Those challenges might effectively demonstrate the potential of this method to the commer-
cial production. Rapidness, simple operation, small required sample volume and portability of the device are ideal advantages 
for point-of-care cancer diagnosis. Therefore, further study might contribute to improve healthcare environment even in re-
source poor environments, such as in developing countries, and may give both industrial and societal impact for the global 
health. 
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ABSTRACT 
An integrated and portable centrifugal microfluidic LabDisk system for DNA based sample-to-answer detection 

of bacterial pathogens is presented. For the first time, DNA extraction and subsequent multiplexed isothermal  
real-time amplification by recombinase polymerase amplification (RPA) are integrated on one centrifugal microfluidic 
chip. Bacillus anthracis and Francisella tularensis were successfully detected from blood plasma with  
time-to-result < 45 minutes. In future, the LabDisk system will be applicable for simultaneous, multiplexed pathogen  
detection of RNA and DNA targets. 

 
KEYWORDS: Lab-on-a-Chip, Centrifugal Microfluidics, LabDisk, RPA 
 
INTRODUCTION 

Automation and miniaturisation of molecular diagnostic testing with sample-to-answer capability is expected to have 
high impact on point-of-care diagnostics [1, 2]. By microfluidic integration of all process steps, untrained users would be 
able to conduct complex medical testing what is a prerequisite, e.g. for field testing or to improve medical care in the 
third world. We present a centrifugal microfluidic LabDisk system for the fast detection of two pathogens relevant in bio-
logical warfare. 
 
MATERIALS AND METHODS 

All LabDisks were fabricated by micro-thermoforming from 188 µm COP foils (COP ZF 14, Zeon Chemicals, USA) 
[3]. Siphons S2 and S3 were hydrophilically coated with 0.2 µL 1:20 Vistex-isopropanol (Vistex 111-50, Filmspecialities 
Inc., USA) while the DNA extraction area was hydrophobically coated with 2 x 100 µL 0.5% w/w Teflon AF (DuPont, 
USA) in Fluorinert FC77 (3M, Belgium) (Figure 1). Reverse and forward primers (0.42 µL 10 µM each) and FAM  
labeled probe (0.12 µL 10 µM) for specific amplification of B. anthracis are prestored in amplification chambers 2-5 and 
for F. tularensis in chambers 6-8. RPA lyophilisate pellets, containing enzymes for isothermal amplification by RPA 
(Twist Amp exo, Twist Dx, UK), are placed in the mixing chamber and the cartridge is sealed with a pressure sensitive 
adhesive foil (#900 320 HJ Bioanalytic, Germany). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 1: Microfluidic layout of a LabDisk. Capillary siphons S2 and S3 are coated with Vistex-isopropanol, DNA 
extraction area (grey shaded) was coated with Teflon AF. Specific primers and probes were prestored in defined 
amplification chambers. Lyophilized polymerase pellet was placed into the mixing chamber.  

Amplification chambers 1 - 11 

Lyophilized polymerase 

s1 
s2 

s3 

DNA Extraction area 
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EXPERIMENTAL 
The sample (200µL blood plasma spiked with inactivated B. anthracis and F. tularensis, magnetic beads and Protein-

ase K) is mixed directly before processing and then pipetted into the lysis chamber. Binding buffer (450 µL), lysis buffer 
(300 µL) and two washing buffers (500 µL each) (Instant MP extraction Kit, Analytik Jena, Germany) are loaded into the 
corresponding inlets and automatic processing is started as described in Figure 2. After lysis, DNA is extracted by  
magnetic beads via an automated bead transport method described in [4]. The method solely requires a spinning device 
equipped with a locally fixed permanent magnet and a programmable frequency protocol. When starting the protocol 
magnetic beads are transported through binding buffer, washing buffer finally into a chamber that contains the elution 
buffer. The elution buffer has to be manually added during a predefined stop in rotation. Then the automated protocol 
continues and the eluate is mixed with lyophilized RPA reagents. Finally, the resulting mix is aliquoted into 10  
amplification chambers containing prestored primers and probes. Excess liquid is gated into chamber 11. Specific iso-
thermal DNA amplification by RPA starts by rehydration of primers and probes and real-time fluorescence signals are 
recorded. 
 

 

Figure 2: Microfluidic process-flow. (a) Sample with magnetic beads, lysis-, binding- and two washing buffers are pipet-
ted into inlets i1, i2, i3, i4 and i5 respectively. After rotation is started, all reagents are gated radially outwards by centrif-
ugal forces. (b) After lysis, the beads bind DNA and are transported through the washing buffers into the elution cham-
ber by magnetic actuation [4]. Elution buffer is manually added during a pause in the frequency protocol. (c) The eluate 
is then gated into a chamber with prestored RPA lyophilisate pellets. After rehydration and mixing, the mastermix is ali-
quoted into 10 µL volumes and gated into chambers (1 – 10) where amplification starts immediately after the prestored 
primers and probes are rehydrated (d). Cavity 11 was used as waste chamber. 
 
 
RESULTS AND DISCUSSION 

For demonstration of the automated sample-to-answer workflow, 6 x 104 genome equivalents of B. anthracis and 
6 x 106 genome equivalents of F. tularensis were successfully detected in less than 45 minutes (~35 min. lysis and DNA  
extraction; ~10 min. amplification) (Figure 3). Processing and detection were performed by the LabDisk Player  
(QIAGEN Lake Constance, Stockach, Germany), a portable device with a size of approximately 18 x 28 x 15 cm³ and a 
weight of approximately 2kg that features FAM fluorescence detection, adjustable temperature up to 60 °C and the  
possibility to run predefined frequency protocols (Figure 4).  
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Figure 3: Amplification plot showing successful 
amplification of B. anthracis (solid line) detected in 
chambers 2-5 and F. tularensis (dashed line) in chambers 
6-8 below 10 minutes (red vertical line). Cavities without 
prestored primers (1, 9, 10) don’t show any increase in 
fluorescence (dotted line). Before amplification starts, 
fluidic processing for DNA extraction requires about 35 
minutes.   

 

Figure 4: LabDisk player (a) with LabDisk (b) and 
connection to notebook (c). The LabDisk player was 
developed by QIAGEN Lake Constance. 

 
 

CONCLUSION AND OUTLOOK 
We demonstrated rapid sample-to-answer detection of two different pathogens on DNA level. In future, eleven  

separate amplification chambers will allow for panel testing of different pathogens. Further developments will focus on 
the replacement of the manual addition of elution buffer. Prestorage of liquid reagents [5] would further allow for  
self-sufficient processing. Due to the low weight of the LabDisk Player and the monolithic cartridge design, the system 
ideally meets the requirements for an application at the point-of need where a high degree in automation is required. 
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ABSTRACT 

A centrifugal microfluidic LabDisk for total cholesterol [TC] determination from whole blood and a processing de-
vice have been developed. Centrifugal microfluidic sample-to-answer processing features direct sampling from the fin-
gertip, aliquoting (for analysis of additional parameters), blood plasma separation, rehydration of prestored reagents, and 
real-time absorbance measurement of enzymatic reactions. Time to result for fluidic processing and readout is 7 min with 
room for optimization to less than 4 minutes. It was demonstrated that the TC assay can be integrated into LabDisk based 
multiparameter analysis of whole blood. 
 
KEYWORDS: Centrifugal, Microfluidics, Cholesterol, Whole blood, Sample-to-answer, Point-of-Care 
 
INTRODUCTION 

Easy operability and a fast time-to-result with as little human interaction as possible are the main requirements by 
Point-of-Care tests. CLIAwaived.comTM [1] certified applications for determination of cholesterol like the LDX Ana-
lyzer system (Cholestech) allow the lipid screening (total cholesterol [TC], triglycerides [TG], high- respectively low-
density lipoprotein [HDL/LDL-cholesterol]) from a 40 µL whole blood sample in approx. 6 min [2]. Another certified 
sample-to-answer application is the Piccolo® Xpress system (Abaxis), which requires a sample volume of approx. 100 
µL and a time-to-result of approx. 10-12 min for determination of TC, TG, HDL/LDL-cholesterol [3]. Aim of this study 
is to demonstrate the integrability of TC testing in a centrifugal microfluidic LabDisk, aiming at one important parameter 
in multiparameter blood testing, a sample volume of 40 µL and a time-to-result of less than 7 minutes. 
 
EXPERIMENT  

A whole blood sample is taken from the fingertip applying a LabDisk integrated 40 µL capillary (figure 1). The 
LabDisk is placed into the processing device (see figure 2). The sample is aliquoted by centrifugal forces into two cavi-
ties (volumes, processing times & frequencies are listed in table 1), transferred to the next downstream chamber and sep-
arated into hematocrit and plasma via centrifugal sedimentation. Via a capillary siphon the plasma is transferred into a 
reaction chamber, where it rehydrates prestored enzymes. The mixture is transferred to LabDisk inserted micro cuvettes 
for analysis of a colour-change reaction via absorptiometry (λdetection = 632 nm). 

 

 
Figure 1:  Image of the sample collection process from a puncture site on the fingertip (1) via an end-to-end capil-

lary (2), which is integrated in the LabDisk containing the analysis network (3). 
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Figure 2:  Image of the complete fluidic network of the LabDisk including a sample collection chamber (1), an ali-

quoting structure (2)for splitting the sample into 2 analytes, an overspill chamber (3) for collection of the residual whole 
blood, blood plasma separation structures (4), reaction chambers (5) with prestored reagents and integrated cuvettes for 

absorptiometric detection of the TC concentration (6). 
 

Table 1. Unit operations integrated in the microfluidic network, processed volumes, processing time & rotational 
frequencies of each step. Frequency ranges indicate an increase of the spinning frequency over the given processing 

time. 

Unit operation Volume [µL] Time [s] Rotational frequency [rpm] 
Sample collection 40 10 0 
Aliquoting 40 30 480 – 720 
Blood plasma separation 16 120 3000 
Capillary transport 5 20 0 – 600 
Rehydration & mixing 
reagents 5 45 ± 500 

Capillary transport 5 20 0 – 600 
Reaction & detection 5 150 – 180 240 

 
 

 
Figure 3: Image of the centrifugal processing device prototype (1) with an integrated touch-panel to operate the de-

vice and display results (2). After sample collection the LabDisk (3) is mounted onto the rotor, where the sample is pro-
cessed following the frequency protocol displayed in table 1. The TC concentration is determined with an integrated ab-

sorptiometry unit (4). 
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RESULTS AND DISCUSSION 

Three different samples have been processed on the LabDisk (figure 2) using the processing device shown in figure 
3, whereby sample #3 has been repeated three times (3a-c). The same samples have been analyzed with a reference sys-
tem (LDX) (figure 4). Samples #1 and #2 show comparable results to the LDX measurement (sample #1: 6.0 mM (cLDX = 
6.01 mM); sample #2 4.79 mM (cLDX = 4.74 mM); sample #3 varies around the LDX result (cLDX = 3.81 mM) with a CV of 
6.3 %. Time to result is 7 minutes with further room for optimization. 

 

 
Figure 4: Variance comparison of the TC concentrations of the LabDisk to the TC concentrations determined with 

the LDX reference system using the same samples, whereas LDX results are shown on the X-axis, LabDisk results on the 
Y-axis. The dashed line shows the target curve for each concentration. Samples #1 & #2 show comparable results to the 

reference system, sample #3 varies around the reference result with a CV of 6.3 %. 
 
CONCLUSION 

Sample-to-answer determination of TC on a microfluidic LabDisk is demonstrated. Results are in line with common 
testing systems with just 40 µL sample volume. The time to result is 7 minutes and can be further optimized. Sample col-
lection and application into the processing device is done via an integrated end-to-end capillary, which can be adapted to 
specific user requirements. The microfluidic network of the LabDisk is designed to be able to integrate multiparameter 
analysis like the detection of HDL-cholesterol and TG without affecting the time to result. 
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A MULTI-STEP IMMUNOASSAY USING DRY, PATTERNED REAGENTS 
IN A TWO-DIMENSIONAL PAPER NETWORK FORMAT 

Gina E. Fridley, Huy Le, Elain Fu and Paul Yager 
University of Washington, Seattle, WA, USA

ABSTRACT 
Here we demonstrate a multistep immunoassay using the controlled release of reagents patterned on a single porous 

membrane. Reagents are patterned, dried, and stored on-device for later rehydration, which removes the need for a cold 
chain and reduces user steps through the on-strip combination of signal enhancement reagents. The limit of detection for 
the malaria antigen Plasmodium falciparum histidine-rich protein 2 (PfHRP2) achieved using these devices is 
comparable to ELISA. This work demonstrates the viability of patterning and drying reagents directly onto a paper 
device for dry reagent storage and subsequent controlled release in paper-based assays.  

KEYWORDS 
Multistep immunoassay, controlled release of dry reagents, paper microfluidics, dry reagent storage 

INTRODUCTION 
Lateral flow tests (LFTs) have been widely accepted for a variety of applications, ranging from home pregnancy 

tests to rapid diagnostic tests for infectious diseases in low-resource settings. LFTs have great appeal because they are 
low-cost, rapid, easy to use, and require little to no instrumentation to interpret results. More recently, 2D and 3D paper-
based devices have been demonstrated with capabilities extending far beyond those offered by traditional LFTs. One 
characteristic of most of these newer paper-based devices that remains consistent with early LFTs is the inclusion of 
dried reagents in the assay device. This approach reduces user steps, removes the need for a cold chain, and facilitates 
device automation, thus improving the robustness, affordability and ease-of-use of the device while decreasing the 
equipment needs. These four key traits are crucial for designing devices appropriate for point-of-care diagnosis in low-
resource settings [1, 2].  

Traditionally, conjugate pads have been used to store dry reagents in both lateral flow [3, 4] and conventional 
microfluidic devices [5]. However, there are two significant disadvantages to using these separate pads: they offer 
limited control over the release of rehydrated reagents, and they require additional materials and components that add to 
manufacturing costs. Other methods for dry reagent storage in microfluidic devices have achieved such storage directly 
within the channels of these devices, for later controlled release. Some examples of these techniques include cavities in 
channel walls to control the reconstitution of dried proteins [6], and “reagent integrators” to store and subsequently 
release predetermined dilutions of reagents into microfluidic devices [7]. Our earlier work sought to develop analogous 
methods for controlled release of reagents stored directly on paper microfluidic devices [8]. To achieve those goals, we 
created novel methods for printing reagents on porous substrates to enable controlled spatial and temporal concentration 
gradients of reagents rehydrating during capillary flow within a porous device.  

Here we present an application of those methods in the implementation of a signal-enhanced immunoassay for the 
malaria antigen Plasmodium falciparum histidine-rich protein 2 (PfHRP2), using reagents patterned and stored on a 
single porous membrane. This work differs from previous demonstrations by our group [4, 9] because all assay reagents 
were patterned and stored dry directly on the nitrocellulose membrane, a significant simplification of conventional 
methods that require storage in separate pads and subsequent placement in the device. Another method for the storage 
and rehydration of reagents directly from porous devices has been described by Abe et al. [10]. The work described here, 
however, enables controlled release of rehydrating reagents, as well as mid-flow combination of assay reagents. 

EXPERIMENTAL 
Untreated nitrocellulose membranes (Millipore Hi Flow Plus 135, Millipore, Billerica, MA) were cut into 3-inlet 

networks using a CO2 laser (Universal Laser Systems, Scottsdale, AZ). After cutting, the first inlet was blocked with 14 
!l of an aqueous solution containing 0.125% poly(vinyl pyrrolidone) + 0.125% bovine serum albumin + 2.5% sucrose + 
7.5 mM sodium azide + 0.1% Tween-20, then placed in a desiccated oven at 37°C for 2 hours. The antigen-capture line 
(0.375 !l, 1 mg/ml mouse monoclonal anti-PfHRP2 IgM, Immunology Consultants Lab), and a process control (0.375 
!l, 0.5 mg/ml ImmunoPure Antibody goat-anti-mouse IgG, Thermo Scientific) were immobilized at the downstream end 
of the common channel of the device. The detection antibody (Immunogold conjugate mouse monoclonal anti-PfHRP2, 
BBInternational) was patterned for rehydration on the first inlet of the device. GoldEnhance LM gold enhancement 
solution (Nanoprobes, Yaphank, NY) was used for enhancement; 2 !l of each “enhancer” solution, “activator” solution, 
and “initiator” solution were printed on the third inlet. All of the reagents were patterned using a piezoelectric spotter 
(SciFLEXARRAYER S3, Scienion AG) (Figure 1). After printing, strips were wrapped in foil to protect them from light, 
then dried in a desiccator overnight and stored until use. 

Nitrocellulose devices were affixed to a PMMA substrate using double-sided tape (Scotch®, 3M, St. Paul, MN). 
However, no cellulose wicking pad was used. An untreated glass fiber pad (Ahlstrom, Helsinki, Finland), cut using the 
CO2 laser cutter, was placed at the upstream end of each inlet as a fluid application zone (Figure 1). A 30 !l “mock 
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sample” consisting of PfHRP2 spiked into fetal bovine serum (FBS, Certified, One ShotTM, US Origin, Gibco ®, 16000-
077, Invitrogen, Carlsbad, CA) was applied to the first inlet, while 40 !l and 100 !l  
phosphate buffered saline (PBS) were applied to the 
second and third inlets, respectively. The mock sample 
rehydrated the gold conjugate antibody in the first inlet, 
and PBS rehydrated and combined the gold enhancement 
reagents in the third inlet. Rehydrated reagents were then 
delivered sequentially to the detection region of the assay. 
Time-lapse uncompressed .avi videos of assay experiments 
were acquired using a web camera (Logitech, Fremont, 
CA) at 1 frame per 30 seconds for 1 hour (Figure 2).  

Uncompressed .avi files were analyzed with ImageJ 
to determine the signal development over time (Figure 3). 
The reported intensity values were determined as follows: 
average grayscale intensity of the test line was quantified 
for each frame, and background intensity was subtracted 
and then normalized by the background to account for 
lighting variations. The enhancement ratio was determined by quantifying the fully enhanced assay signal at 60 minutes, 
and dividing it by the unenhanced signal at 15 minutes. To quantify signal for varying concentrations of PfHRP2 (Figure 
4), strips were scanned to uncompressed image files with a flatbed scanner (Epson Perfection V700 Photo, Epson, Long 
Beach, CA) with gamma set to 1. Scanned images were quantified using Matlab (MathWorks, Natick, MA). The 
grayscale intensity of the test line was measured, and then the background value was subtracted. The limit of detection 
(LOD) of the assay was calculated as follows: LOD = (LOB+1.645!t)/m, where LOB = limit of blank (to be explained 
below), !t = the standard deviation of the lowest antigen test, and m is the slope of the signal response curve between 
zero and the lowest antigen test. The limit of blank is defined as: LOB = averageno antigen + !b, where !b = standard 
deviation of the blank [11].  

RESULTS AND DISCUSSION 
The multi-component gold enhancement system that we used for signal amplification loses functionality if the 

components are mixed prior to drying (data not shown). Thus, components must be stored dry in separate regions and 
recombined on the device for use in the assay. Previous work has shown effective rehydration and combination of these 
gold enhancement components from storage on multiple glass fiber pads in the context of a malaria assay [4]. Here, we 
observed that gold enhancement reagents printed separately on one device leg combine upon rehydration to yield a bolus 
of complete gold enhancement solution, which is then capable of enhancing the gold signal generated in a PfHRP2 assay 
(Figure 2). 

 
Figure 2: Time series of images illustrating gold signal development and enhancement. A) Device prior to fluid addition. 
30 !l of a mock sample consisting of PfHRP2 spiked at 100 ng/ml into FBS was applied to the first inlet. Immediately 
afterward, 40 !l and 100 !l PBS were applied to the second and third inlets, respectively. B) The initial gold signal 
appears 15 minutes after fluid addition. C) After 60 minutes, the gold enhancement has increased the signal to 3.2 (s.d. 
0.2) times the unenhanced intensity. 

After 60 minutes, the rehydration and mid-flow combination of printed gold enhancement reagents produced a 3.2-
fold signal enhancement (n=4, s.d. 0.2), relative to the initial signal observed at 15 minutes (Figure 3). Just 2 !l of gold-
antibody conjugate, and 6 !l of total gold enhancement reagents were used. These volumes are significantly lower than 
those required in previous demonstrations of signal enhancement in paper-based assays [4, 12]. Though the enhancement 
ratio achieved with this particular gold enhancement reagent is modest, this is a clear demonstration of the viability of 
patterning and drying reagents for dry reagent storage in paper-based assays. Furthermore, quantifying the assay signal 
confirmed reproducible signal at concentrations as low as 5 ng/ml, with very low background signal in the negative 
controls (Figure 4). Using this data, the analytical LOD was determined to be 3.6 ng/ml, which is comparable to the 
reported LOD for PfHRP2 by ELISA of 4 ng/ml [13].  

t = 0 min t = 15 min t = 60 min

A B C

 
Figure 1: Schematic of patterned 2D paper network 
PfHRP2 assay indicating locations of patterned 
reagents. 

1 cm

Au-antibody

glass fiber pads

process control

PfHRP2 capture IgM

Enhancer

Activator

Initiator
wash
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CONCLUSIONS 
This model system is a simple and effective demonstration of the utility of multiple reagents patterned sequentially 

on a porous device and is just one example of the potential applications enabled by printing reagents directly on porous 
devices for controlled rehydration and use in assays. 

Figure 3: Assay signal vs. time. Time-lapse 
uncompressed avi files were acquired (1 frame per 
30 sec.), and were analyzed using ImageJ (n=4, 
error bars = s.d.). The large error bars between 25 
minutes and 50 minutes are due to variability in the 
time at which enhancement began, rather than the 
rate of enhancement 

 

.  

Figure 4: Assay results for varying concentrations of 
PfHRP2 antigen. Plot of the average signal for each 
concentration of antigen (n=4, error bars = s.d.). 
From this data, the LOD was determined to be 3.6 
ng/ml. 
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DISSOLVABLE FLUIDIC TIME DELAYS FOR AUTOMATED PAPER 
DIAGNOSTICS 

Barry Lutz, Tinny Liang, Elain Fu, Sujatha Ramachandran, Peter Kauffman, Paul Yager 
Department of Bioengineering, University of Washington, Seattle, WA, USA 

 
ABSTRACT 
 Lateral flow tests (LFTs) are fundamentally limited to assay chemistries that can be reduced to a single chemical step. 
In contrast, most laboratory diagnostic assays rely on multiple timed steps carried out by a human or a machine. Here, we 
show multi-step assays can be programmed by using shaped paper networks and fluidic time delays created by drying 
sugar on the paper. Solutions of sucrose (the main component of table sugar) dried on the membrane created time delays 
that were tunable from minutes to nearly an hour, and errors (range 11-24%) were comparable to untreated paper (12%). 
We created a folding card format to automate a four-step fluidic process initiated by a single user activation step (folding 
the card); delivery of four fluids showed errors (9-19%) comparable to those in simple strips. This device was used to 
perform a signal-amplified sandwich immunoassay for a malarial diagnostic biomarker. Signals in the amplified card 
were ~3x larger than cards using gold nanoparticles alone (the conventional LFT endpoint).  
 
KEYWORDS  
point-of-care (POC) diagnostics, lateral flow test (LFT), rapid diagnostic test (RDT), immunochromatographic test (ICT), 
two-dimensional paper network (2DPN) 
 
INTRODUCTION 
 Lateral flow tests (LFTs) are ingenious tools for rapid diagnosis at the point of care (POC). The material has built-in 
wicking power to move fluids, and small pores result in fast diffusion and provide high surface area for detection of 
colorimetric labels. However, as a class of devices, LFTs are limited to assays that can be reduced to a single chemical 
step. Thus, multi-step protocols typical of nearly all laboratory assays, such as signal amplification, are not possible 
unless the steps are carried out manually by the user. A device that is as simple to operate as an LFT but is capable of 
automatically controlling fluid steps would enable more sophisticated chemical tests at the POC.  
 We present a paper device that automatically carries out a multi-step signal amplification protocol. Timing 
mechanisms are created by adding a dissolvable material to each “leg” of a shaped piece of wicking paper, which we call 
a two-dimensional paper network (2DPN)[1-5]. We chose to use sucrose because it is a well-known reagent-preservation 
matrix and is putatively benign to typical assay chemistries. When delays are added to different legs of a 2DPN, they can 
be used to control the delivery time of fluids to an assay. The design goal for the 2DPN is simply to coordinate the 
sequence of “on” and “off” times to deliver a sequence of fluids, much like the timed pipetting steps used in many 
laboratory assay protocols. 
 
METHODS 
 Devices were fabricated from common LFT materials cut to shape by a laser cutter (Universal Laser Systems, 
Scottsdale, AZ). LFT materials included plastic-backed nitrocellulose as the assay strip (Mylar-backed HiFlow Plus 135, 
HF13504, Millipore, Billerica, MA), cellulose as an absorbent pad (C083, Millipore), and glass fiber pads as fluid 
sources (Ahlstrom, Helsinki, Finland). Assay devices were fabricated by sticking components to folding cards made from 
0.25 mm thick Mylar film with adhesive coating on one side (10 mil, Fraylock Inc., San Carlos, CA).  
 Stock sugar solutions were prepared by mixing excess sucrose (#84097, Sigma-Aldrich) in distilled water at room 
temperature to create a saturated solution; dilutions were prepared in distilled water (10%-70% of saturation). Sugar was 
applied by inserting strips into the sugar solution, then blotting excess sugar solution on tissue paper and drying in a 
desiccator for several days prior to experiments.  

Timing experiments used phosphate buffered saline with 0.05% Tween 20 (PBST) to which food coloring was added. 
Fluid fronts were tracked manually from web camera videos (Logitech, Fremont CA) using ImageJ. Strips were enclosed 
in a plastic housing (modified CD jewel case) to reduce evaporation.  

2DPN devices for flow visualization and the amplified malaria assay were fabricated in a folding card format. Devices 
were run in a Petri dish containing wet paper towels to reduce evaporation. The time of fluid arrival was calculated using 
ImageJ by creating a stack from the videos, selecting a region of interest (a line across the strip), and performing a 
“reslice” along the time dimension. For the malaria cards, a sandwich immunoassay format with signal amplification was 
used to detect Plasmodium falciparum histidine-rich-protein-2 (PfHRP2), a diagnostic biomarker for malarial infection. 
Fetal bovine serum (FBS, Certified, One Shot, Invitrogen, Carlsbad, CA) was used as a simulated serum matrix; it was 
spiked with recombinant PfHRP2 antigen (CTK Biotech, San Diego, CA). The sample was mixed with monoclonal 
anti-PfHRP2 antibody (Immunology Consultants Laboratory, Portland, OR) conjugated to gold nanoparticles (40 nm 
Immunogold, BBI, Cardiff, UK). A gold enhancement solution (040260, Nanoprobes, Yaphank, NY) was used for signal 
amplification, and wash steps used Tris-buffered saline with 0.1% Tween 20 (TBST). Signal intensity was measured 
from videos recorded with the web camera. 
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RESULTS AND DISCUSSION 
 The wet-out flow through dry paper strips can be slowed by pre-drying sugar solutions onto the paper. Figure 1A 
describes the preparation of dried sugar delay zones and the method for measuring the delay time. Paper strips were 
dipped in sucrose solutions of different concentrations (up to 70% saturation at room temperature) and dried in a 
desiccator. The set of dry strips, including an untreated strip and a blank (0% sugar), were dropped simultaneously into a 
trough with dyed PBST, and the arrival time at the end of the delay zone (“finish line”) was measured from videos. Figure 
1B shows an image during the experiment. As expected, the time to reach the finish line increases with increasing 
concentration of the applied sugar solution. Figure 1C plots the arrival time for each treated strip. For the strips used here, 
arrival times were tunable from minutes to nearly an hour, which corresponds to a nearly 80-fold increase over untreated 
strips. The errors in arrival time range from 11%-24%, which are comparable to errors for the strip without sugar (12%).  

 
Figure 1. Time delays created by sugar solutions of different concentration dried on paper strips. Dry strips were dipped 
into dyed PBST, and the time required to reach the end of the sugar-treated region (finish line) was measured. “B” 
indicates an untreated strip, and “0%” indicates a strip dipped in DI water (no sugar). Error bars are from three 
experiments (no replicate data for the unfilled point). 

 Figure 2 shows a 2DPN designed for sequential delivery of four fluids to a common detection zone. The shape is 
reminiscent of the branched paper devices pioneered by the Whitesides group[6], but it is “upside down” with respect to 
flow direction, and its purpose is different. Rather than splitting a sample among multiple detection zones, this structure 
delivers multiple fluids to a common leg in a timed sequence. Sequential delivery is based on two principles: 1) flow from 
each leg is “turned on” at a specific time based on the sugar delay, and 2) each fluid flows until it is “turned off” when the 
source fluid is depleted. We created a folding card format that allows the user to initiate the test by a single folding step 
(Figure 2A), thus eliminating user timing errors that would arise with multiple fluid applications. Each leg of the 2DPN 
was treated with a different sugar concentration (including 0% for the first fluid leg), and the device was dried before 
testing (Figure 2B). Dyed PBST was added to each reagent pad, and the card was folded to initiate the timed sequence; no 
user intervention was required after the folding step. Figure 2C shows images corresponding to the arrival of each fluid at 
the detection zone, and Figure 2D shows the time course of fluid arrival at the detection zone across the full strip width. 
Each fluid is displaced effectively by the subsequent fluid, leading to distinct transitions between each fluid (important 
for wash steps) and providing uniform treatment of the detection zone by each fluid. Errors in arrival times were 9-19% 
(n=5 replicate devices), which is comparable to errors in simple strips.  
 The folding device was used to carry out a multi-step amplified immunoassay for a malaria diagnostic biomarker, 
PfHRP2. The amplified assay uses gold nanoparticles common in LFTs, but the 2DPN adds wash steps and application of 
a gold plating solution that increases the light absorbance of bound gold nanoparticles by increasing their size. This 
enhancement chemistry (as well as silver deposition on gold) requires several sequential steps. It has been used to 
increase signal in LFTs via manual assay steps carried out by the user[7], and we have automated this chemistry in 2DPN 
devices based on leg length delays[1, 5].  
 Figure 3A shows the location of fluids applied to pads in the 2DPN. The sample was mixed with the gold-anti-PfHRP2 
conjugate (gold-Ab), and this solution was applied to one pad (red); other pads received gold enhancement solution (GE, 
purple) or wash buffer (light blue). Figure 3B shows the component stack for the PfHRP2 assay, and Figure 3C shows the 
signal at the detection line at two stages of the assay. After the first two steps (capture of gold-Ab-PfHRP2 complex and 
wash), the faint pink line represents the endpoint of a typical LFT (no amplification). After the final two steps (gold signal 
enhancement and final wash), the line is darkened with typical purple-grey color due to increased nanoparticle size. The 
signal enhancement was ~3-fold, which is modest, but is comparable to the enhancement we observe using the gold 
signal amplification in other 2DPN devices and manually-operated strip tests[1, 5]. Other amplification chemistries, such 
as silver enhancement of gold nanoparticles or enzymatic signal amplification used in ELISA, are likely to yield greater 
sensitivity, and the device in Figure 3 is capable of carrying out the steps for those reactions. 
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Figure 3. Amplified immunoassay for a malarial protein. Reagents were added to pads; folding the card initiated the 
automated assay. The gold enhancement solution plates gold on the bound gold nanoparticles, creating a darker band. 

CONCLUSIONS 
 Sugar-based time delays were combined with paper networks; this allowed timed fluidic sequences to be programmed 
into simple devices. As performed here, the experiments required loading of four pads with separate liquid reagents. A 
more practical device would include reagents stored dry on each pad, such that the user would only be required to add 
water and sample. In addition, we are developing methods to automate the pad loading step so that no controlled pipetting 
steps are required. The programming tools for 2DPNs can be applied to translate other multi-step assay chemistries, such 
as ELISA or nucleic acid tests, to a point-of-care format.   
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Figure 2. Folding card design 
for timed sequential delivery 
using a 2DPN with sugar time 
delays and volume-limited 
fluid source pads. A) Photo of 
the folding card with 
sugar-treated legs and 
reagent pads. B) The sugar 
solution dried on each leg is 
indicated as a % saturation. 
Dyed PBST was added to 
each pad (11 microliters), and 
the card was activated by 
folding. C) Time sequence of 
dye delivery to the detection 
zone (upper vertical leg). 
Adhesive pads (white) are 
located around the card 
perimeter to hold the card 
closed. D) Time course of 
color at the detection zone.  
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STATIONARY FLUIDICS: MOVING TARGET MOLECULES ON BEADS 
THROUGH NON-MOVING LIQUIDS FOR MOLECULAR DIAGNOSTIC 
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ABSTRACT
Commonly, microfluidic devices are constructed to move fluidics. For molecular diagnostics assays which 

include steps like PCR, this practically always involves a more or less complicated set of external pumps, valves and 
liquid controls. In the presented experiment, the fluid after sample introduction remains stationary and the main 
bioactive sample molecules are moved through a chain of reaction compartments which contain different reagents. 
The big advantage of this concept is the lack of any external fluid actuation/control. Results on sample carry-over 
experiments and complete assays will be given.  
 
KEYWORDS
Stationary fluidics, molecular diagnostics, beads, PCR.  

 
INTRODUCTION

Molecular diagnostics is one of the fastest growing segments in the diagnostics field and well suited for the use 
of microfluidics [1]. As molecular diagnostic assays contain a significant amount of process steps such as lysis, DNA 
extraction and amplification (e.g. by PCR), the conventional approach is to develop more or less complex 
microfluidic devices through which various liquids are moved. This approach practically always involves a more or 
less complicated set of external pumps, valves and liquid controls. In the presented experiment however, the fluid 
after sample introduction remains stationary and the main bioactive sample molecules are moved through a chain of 
reaction compartments which contain different reagents (buffers, PCR reagents). These reagents are either simple 
buffers or PCR reagents which have been stored in lyophilized form on chip and are resolubilized by the buffer. This 
allows to realize a system which exhibits a high degree of simplicity, both in the microfluidic cartridge as well as the 
accompanying instrument. 

 
EXPERIMENTAL SET-UP

In our approach, the molecules of interest are attached to functionalized paramagnetic polymer beads. The beads 
are moved from chamber to chamber using an electromagnet on a linear stage. The big advantage of this concept is 
the lack of any external fluid actuation/control. A single fluid (buffer) as well as the sample is introduced into the 
cartridge using a Luer-syringe. A linear stage with an electromagnet is the only other mechanically active component 
of the whole set-up which allows for a very simple instrument which is an important issue for real-world diagnostic 
applications. 

The main challenge of this stationary-fluid concept is to realize the inter-cavity transfer of the sample-laden 
beads without carry-over of reagents from one cavity to the next, especially in the case of PCR-inhibiting reagents 
and without significant sample loss. This was realized by the geometrical design of the various reaction 
compartments. Figure 1a and b show the complete cartridge (dimensions 97 mm × 48 mm excluding the PCB) with 
3 tracks of 9 compartments each plus a final sensor chamber where a giant-magnetoresistivity (GMR) sensor detects 
the PCR products. The overall volume of each fluidic track is about 140 µl. 

 

 

 
 

Fig. 1a: Cartridge with 3 tracks of 9 reaction 
compartments. Buffer and sample are introduced through 
the top Luer connectors. The lower connector is a simple 
venting outlet. 

Fig. 1b: Details of buffer (left Luer) and sample (right 
Luer) inlets. 
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The sequence of cavities follows the primary functions of typical molecular diagnostics assay. In the first cavity, 
the magnetic beads are collected after introduction. The second cavity is used for a first wash step. Cavity 3 contains 
lypophilized lysis buffer for cell lysis and DNA extraction. DNA is now captured on the functionalized beads. 
Cavities 4 and 5 are used for sequential washing in order to remove unbound molecules from the beads. PCR takes 
place in cavities no. 6-8. Figure 2 shows this part of the cartridge sitting on top of the temperature controller having 
three temperature blocks for the respective PCR temperatures. Alternatively, a conventional thermocycling can take 
place in one of these cavities. Cavity 9 again is for washing, while the actual sensor is mounted in cavity 10. The 
operation principle can be exemplified as shown in Fig. 3, presenting a detail of the compartments. The 
compartments are sequentially filled with a single buffer through a side-channel (top of picture) which is connected 
to all reaction chambers. Air leaves through a venting channel (bottom); and the compartments are separated by a 
1.15mm long, 200 µm wide channel. The length of the channel has been chosen as to minimize diffusion from one 
chamber to the others as well as to minimize reagent carry-over during bead transport. The trapezoidal shape of the 
compartments proved to be important in order to remove all air as well as allow for a smooth bead transport from 
one compartment to the next. The magnetic beads can be seen as a black cluster in the second cavity. 

 

 

 

Fig. 2: Cartridge mounted on temperature controller. Fig. 3: Detail of reaction compartments. The filling is 
performed through the common filling channel (top). 
The black cluster in the compartment consists out of the 
magnetic beads. Air leaves the chamber through a 
venting port (bottom). 

EXPERIMENTAL RESULTS
One of the first questions to be answered was with respect to the transport properties of the magnetic beads. In 

the first experiment, 10 µl of bead suspension (bead diameter of 1 µm) with different concentrations were pipetted 
into the cards and the efficiency of bead transport depending on the absolute amount of beads was determined by 
extracting the beads again from the last chamber. Up to 10 µg beads could be recovered with an efficiency >90% as 
can be seen from the data in Fig. 4. 

 

  
Fig. 4: Efficiency of bead transport through the 
cartridge. For amounts <10 µg, more than 90% of the 
beads are transported through the card. 

Fig. 5: Extinction measurements to measure the amount 
of protein carried over with the magnetic beads. 

 
A second parameter which is important for the overall functionality of the concept is the carryover of proteins 

which can eventually lead to an inhibition of the PCR or a reduced sensitivity of the sensor due to the development 
of a protein layer on the sensor surface. As shown in Fig. 5, for the relevant amounts of beads, the amount of protein 
carry-over is very limited as measured using optical density (extinction) measurements.  

The practical performance in the above described microfluidic cartridge was demonstrated using a 
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Streptococcus-specific PCR producing 153 bp DNA fragment. As shown in Fig. 6, both two- and three-step PCR 
protocols could be successfully performed on the cartridge. Furthermore, the absence of possible PCR inhibiting 
influences from either the materials or the manufacturing methods of the cartridge could be proven. Figure 6 shows 
the following data: expected 153BP amplification products were not obtained by GBS-specific PCR with water (Ø, 
negative control) but with extracts from Streptococcus sp. (+).  PCR was performed in a desktop cycler (lanes with 
1) or in a cavity of the cartridge (lanes with 2-4). To monitor possible PCR inhibition from materials or 
manufacturing methods of the cartridge, PCR performed in the desktop cycler (lanes with 1) was spike with 
additionally 25%vol/vol mastermix (a), water (b) or water (c) that had been incubated within the respective cavity of 
the cartridge by placing them onto heating plates (a, b) or incubation at room temperature (c) for 30 minutes. PCR in 
the cartridge was performed by filling in water first, and then 10µl of mastermix in a way that the mastermix 
containing fluid is placed in the cavity located on top of the selected heating zone. A three-step procedure was used 
for heating in 2, a two-step protocol was used for 3. In 4, the neighboring cavity has been heated, indicating a good 
thermal isolation of the respective cavities as no amplification was observed. Mlow indicates a size marker 
(10/20/50/100/200 bp). 

 

 
Fig. 6: Amplification of a 153 bp DNA fragment from Streptococcus sp. For details, see text. 
 

CONCLUSIONS 

In this paper, we present a microfluidic platform for molecular diagnostics using stationary fluidics and magnetic 
beads. While the concept of stationary fluidics has been published using immiscible liquids [2], our approach uses a 
single buffer liquid and protocol specific reagents which are stored in lyophilized form in the respective cavities of 
the cartridge. The big advantage of this approach is the simplicity of both the cartridge and the instrument as, besides 
a mechanism for moving the magnet, no mechanically active components such as pumps or valves are needed. The 
viability of the concept has been verified by experiments about the transport properties of the magnetic beads which 
indicate an efficiency of >90% of the initially dispensed beads for amounts ≤ 10 µg while at the same time the 
protein carry-over which could be detrimental for the assay proved to be sufficiently low. Further experiments 
showed that the resolubilization of the lyophilized reagents is possible with the buffer amounts available. Finally, 
DNA amplification using PCR was successfully carried out, indicating the feasibility of the process in the presented 
microfluidic cartridge. 
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ABSTRACT
We describe herein a rapid integrated method for the separation of plasma from undiluted blood in a minute 

without any power supply. We generated polyclonal antibody which captures human blood cells to make cellular 
aggregates, which accelerates the sedimentation of blood cells even in undiluted whole blood. Additionally, the 
module for the reduction of plasma albumin was combined to make a pretreatment module. Double volume of 
plasma containing decreased albumin was harvested in a minute without any detectable blood cells form undiluted 
whole blood using this pretreatment module. 
 
KEYWORDS
blood pretreatment, filter, antibody, aggregation, albumin 

 
INTRODUCTION

Gathering plasma from whole blood, one of the most important and frequently requested pretreatments, is an 
inevitable bottleneck for the embodiment of field-applied diagnostic chips. Simple sedimentation of blood cells by 
sole gravitational force would take too long time to harvest enough plasma from whole blood (Figure 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: A fast power-free method ?

 
In order to speed up the sedimentation of blood cells without exogenous power supply, therefore, we introduced 

anti-blood cells polyclonal antibody to make cellular aggregates. The major concept of blood aggregation by 
anti-blood polyclonal antibody is depicted in Figure 2. Human blood cells including red blood cells and white blood 
cells will interact with antibody which was raised against human blood cells themselves. Because of the nature of 
polyclonal antibody, binding variety of antigenic determinants, the blood cells will make complex aggregates 
through the diverse epitopes of cells. The aggregation of blood cells will make compact lumps leaving cell-free 
plasma. Consequently, it is possible to use smaller amount of filter structures in order to remove blood cells from 
whole blood. This will reduce the time to spend and increase the amount of harvested plasma at the same time. 

 
 

 
 
 
 
 
 
 

 
Figure 2: Aggregation of blood cells by anti-blood antibody

 
Additionally, removal of albumin, which covers more than 50% of plasma protein [1], by integrating 

albumin-adsorption beads is also a novel trial. Reduction of albumin will be helpful in detecting other tiny amount of 
proteins as well as in improving fluidity of plasma in microstructures. Cibacron Blue F3G-A has been widely used to 
remove serum albumin prior to serological assays [2]. There are many kinds of applications of this dye mainly for 
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macro-scaled systems. This report may be the first application to an integrated module with micro-scale. 
 

EXPERIMENT 

Human whole blood cells were used as antigen in order to generate polyclonal antibody which binds human 
blood cells. Human whole blood was drawn from volunteer’s fingertips. The drawn blood was immediately washed 
with PBS (phosphate-buffered saline, pH 7.4) for 3 times. The washed blood cells were fixed by 2 % (v/v) of 
formaldehyde and 0.2 % (v/v) of glutaraldehyde. The fixed cells were washed again with PBS for 3 times to remove 
the fixing solution. Female C57/BL6 mice, 5 weeks old, were intraperitoneally immunized with the prepared human 
blood cells [3]. Each inoculum contained human blood cells from 10 L of original whole blood, which corresponds 
to about 5 × 107 cells. Immunizations were performed 5 times at 3 week intervals. Blood was collected from each 
mouse two weeks after the final immunization. The drawn whole blood was let at room temperature for sufficient 
clogging. Serum which contained anti-human blood polyclonal antibody was harvested after centrifugation at 15,000 
g for 20 min at 4℃. Aliquots of the harvested anti-human blood serum were frozen at -20℃ until usages. 

Pretreatment module could be integrated into any kind of platforms. In order to exclude additional platform 
development and to concentrate on the verification of integrated function of pretreatments, we adopted previously 
introduced blood filter module as a demonstrative platform. The detailed fabrication of magnetically actuated filter 
module was previously described [4]. 

 
RESULTS 

Harvested anti-human blood serum was tested by simple mixing. 5 L of undiluted human whole blood was 
mixed with equal volume of anti-human blood serum. As shown in Figure 3, there was instantaneous total 
aggregation although control serum, pre-immune serum, showed no aggregation (data not shown). The two kinds of 
sera can make aggregation until being diluted to 5 to 10 folds (Figure 4). 
 

 

 

 

 

 

 

 

 
 
 

 

Figure 3: Instant (< 5 sec.) aggregation of blood cells).  
 
 
 
 
 
 
 

Figure 4: Aggregation of blood cells by serially diluted anti-blood sera. 

The dilution limits of aggregation are noted by arrows. 

 
In order to investigate any effect on the sedimentation of blood cells, anti-human blood serum was mixed 2.4 

times volume of undiluted human whole blood (Figure 5). On mixing, there was visible aggregation of blood cells, 
and the blood aggregate showed increased sedimentation velocity 5 times compared with control groups. 
 
 
 
 
 
 
 
 
 
 
Figure 5: Rapid sedimentation of blood cells by anti-blood serum. Whole blood was mixed with PBS (B), control 

serum (C), or anti-blood serum (D). Yellowish plasma layers are noted by circles (A, B, and C) or an arrow (D). 

Dotted line in the graph means the sedimentation of untreated whole blood. The sedimentation velocity was 

calculated to increase 5 times. 
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We integrated this anti-blood serum into previously reported filter unit [4] with additional albumin-adsorption 
beads, Cibacron Blue F3GA. Figure 6 shows a completed module with schematic explanations. 
 
 
 
 
 
 
 
 
 
 

Figure 6: Integrated pretreatment module 
 

20 L of undiluted human whole blood was applied into the top of the filter unit. After one minute, the inner 
module was manually or magnetically pushed down to squeeze out plasma. Table 1 summarizes the functional 
comparisons of filter module with different components of units along with SDS-PAGE. Results of lane 3 and lane 6 
show increased harvest of plasma compared with that of lane 2 and lane 5, respectively. The blood cells at the 
beginning of filter module seemed to have aggregated to make compact clot resulting in the increased harvest of 
plasma. Application of control serum (pre-immune serum) did not affect the plasma volume. In addition, more than 
80% of albumin was reduced according to the analysis using ImageJ [5]. 
 

Table 1: Comparison of the integrated units 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1from 20 ul of undiluted whole blood, 
2 +/- : less then 1 % of whole blood,  - : no detectable cells 

 
This pretreatment module is made of simple and cheap but novel components. Its working time is only one 

minute with excellent dual performances for undiluted whole blood. The simple platform of this module will make it 
easy to be integrated into other applications. 
 
This work was supported by the Ministry of Education, Science and Technology in Korea [2011-0029869, 
MEMS-based device for sample preparation]. 
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ABSTRACT 
This paper presents genotyping on a novel microheater concept using semi-transparent copper 
microheaters manufactured by roll-to-roll and lift-off on polyethylene napthalate (PEN) foil. Using a 
mesh structure, heater surfaces have been realized in one single metallization step with a 
manufacturing robustness higher than conventional meander structures. The thermal distribution of 
the meshes, evaluated using thermochromic-liquid-crystals (TLC), produced more homogenous 
heating characteristics compared to meanders. Parylene coated heaters were functionalized using co-
polymer poly(DMA-NAS-MAPS) to enable covalent DNA immobilization and successful melting 
curve analysis was performed differentiating between match and mismatch oligonucleotides. 

INTRODUCTION 
Melting curve analysis is a powerful diagnostic tool for point mutation detection. We have 
previously demonstrated bead-based genotyping on chip, proving the benefits of downscaling the 
assay to microscale [1]. However, relying on conventional MEMS manufacturing technologies on 
glass substrate rendered a chip unsuitable for low-cost diagnostics. Lab-on-chips on foil substrates 
(lab-on-foil) has gained interest with the aim to reduce manufacturing costs for disposable tests. 
Polymer-foils promote this having low material cost and compatibility with high-throughput roll-
to-roll manufacturing. Optical transparency of the substrate facilitates online monitoring and 
observation of an assay. Transparent heaters for lab-on-chip applications have been produced by 
structuring ITO (Indium-tin-oxide) on glass [2], [3]. We propose a system merging the need of 
heating, optical transparency and low-cost manufacturing technologies using foil substrates and 
thin-film metallization. We demonstrate the feasibility of the heater concept by performing melting 
curve analysis to detect single base mutations in oligonucleotides. 

FABRICATION AND FUNCTIONALIZATION  
15 nm Ti and 100 nm Cu was evaporated onto a 125 µm thick PEN foil (Teonex, DuPont Teijin) 
using a BAK 760 evaporator (Balzers, Germany).  Mesh and meander heater structures with an area 
of 3x1.5mm2 and 15 µm lines and 150 µm spaces were structured in roll-to-roll manner using 
photolithography and wet etching. Mesh heaters of the same area but with 5 µm lines and 50 µm 
spaces were structured sheet wise, on the same type of PEN foil in a double resist lift-off process 
using LOR 7B (Micro Chem) and AZ1514H (Clariant).  For electrical insulation, a 1 µm thick layer 
of Parylene C was deposited by CVD process (PDS 2010 Labcoter 2, SCS Specialty coating system 
2010). Contacts were covered with tape for accessibility. To evaluate the thermal distribution in the 
different heater designs, a 15 um thick layer of encapsulated thermocromic liquid crystals (LCR 
Hallcrest) was spincoated on the heaters. Heaters were heated and kept at 62 °C while observing the 
color changes under microscope.  
 
For covalent attachment of oligonucleotide probes onto the heater surface, the parylene surface was 
functionalized with poly(DMA-NAS-MAPS) in a physi-/chemi-sorption process. The parylene 
surfaces were oxidized by plasma treatment at 1.2 bar and 29.6 W for 10 min in a Plasma Cleaner, 
Harrick Plasma (Ithaca, NY, USA). Immediately after oxygen plasma treatment, the ox-heaters were 
immersed in poly-(DMA-co-NAS-co-MAPS) solution of 2 % w/v copolymer dissolved in 
1:1solution of DI water and 40% (NH4)2SO4. After rinsing in Di water and drying in nitrogen, the 
heaters were cured in vacuum at 80°C for 15 minutes. Amino-modified oligonucleotides were 
dissolved in sodium phosphate buffer (pH 8.5) to a final concentration of 10μM. Match and 
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mismatch oligonucleotides were spotted using a non-contact microarray spotter SCENION sci-
FLEXARRAYER S5 assembled with a 80 μm nozzle. The heaters were blocked in 0.1 M TRIS/HCl 
buffer (pH 9) and 50 mM ethanolamine at 50°C for 15 minutes. Finally, they were incubated with a 
complementary oligonucleotide target at a concentration of 1 μM, labelled with Cyanine 3 for 
fluorescence detection.The heaters were assembled under microscope and connected electrically. A 
drop of 5x SCC buffer was applied on the heater surface and covered with a glass slide. Heaters were 
ramped from 25 to 120°C at a speed of 0.2 or 0.6 °C / sec while following the intensity decay taking 
microscopic images. Pictures were evaluated using Image J to extract intensity profiles of each DNA 
spot.   
 

RESULTS AND DISCUSSIONS  

To evaluate the heat distribution of the various designs, a 15μm thick encapsulated-TLC layer 
(bandwidth 60-65°C) was spin coated on the heater. Figure 1 and 2 reflect the thermal distribution 
at 62°C, in a conventional meander heater structure with 15μm lines and 150μm space and a mesh 
heater with 5 μm lines and 50 μm space. The transparent foils are put on a dark background for 
clarity. 

  
 

Fig. 1 a) Roll-to-roll manufactured Cu 
meander with 15 μm lines and 150 μm spaces 
on 125 μm PEN foil. b) The corresponding 
thermal profile at the surface in 1a) at 62 °C 
using a 15 μm thick TLC layer.  
 

Fig. 2 a) Lift-off processed mesh heater with 5 
μm line and 50 μm space on PEN foil. b) The TLC 
response in the mesh heater in 2a) at 62 °C.  
 

It can be seen that the meander, although having the same size as the mesh, is heating a smaller 
area in the given temperature range. Further, the current carrying conductors in the mesh structure 
are less pronounced in the TLC layer than in the corresponding image of the meander, indicating a 
more homogenous heat spreading over the 1.5 x 3 mm heater area when using the mesh structure. 
Hence, by using a mesh structure, heat can be distributed over a larger area and by making the 
mesh with finer metal lines, thermal homogeneity on the micro scale in the heater can be improved. 
Furthermore, the mesh heater constitutes a more robust design from a manufacturing point of view. 
In the case of an interruption on the metal conductor in a meander, the heater would be unusable 
whereas a mesh heater still would possess its functionality.  
 
For melting curve analysis, the probe needs to be immobilized to a solid support. The parylene 
coated Cu heaters were functionalization using co-polymer poly(DMA-NAS-MAPS). This 
copolymer obtained by radical polymerization of   dimethylacrylamide (DMA), N-acryloyl-oxy-
succinimide (NAS) and  3-(trimethoxysilil)propyl-methacrylate (MAPS) forms a thin-film on the 
surface of parylene by physi-/chemi-sorption [4]. The film bears active esters that allow covalent 
binding of amino modified oligonucleotides. Consequently amino coupled probes were spotted on 
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mesh heaters (15µm line and 150 µm space) and Cy3 labeled complementary strands with or 
without point mutation were hybridized onto the immobilized probes. In a first experiment, a heater 
with spotted match and mismatch probes was ramped from 25-120°C at a speed of 0.2 °C /sec and 
microscope images was taken each 10th second. In figure 3 the normalized intensity versus 
temperature of 3 matching and 3 mismatching DNA spots are shown. In a second experiment, the 
same type of heater was ramped at a speed of 0.6 °C / sec taking pictures every 5th second (figure 
4). 
 
 

  
Fig. 3 Melting curves of  match and mismatch 
oligos spotted on a Cu mesh heater (upper 
right). Heating rate was 0.2 °C/s.  

Fig. 4 Melting curves of a match and mismatch 
spot on a Cu mesh heater, ramped with a rate of 
0.6 °C/s.  
 

A clear distinction between matching and mismatching DNA can be observed in both ramping 
speeds. The prescence of a single base mismatch causes the dissociation at a lower temperature of a 
mismatching duplex than a matching one, hence the intensity drop at lower temperature. The 
increased temperature ramping speedby a factor of 3 does not affect discrimination power of the 
assay and resulted in a total time of 2.5 minutes. 

 
CONCLUSION 

We demonstrate single base mutations by melting curve analysis using a novel foil-based semi-
transparent heater-concept enabling low-cost multiplexing of diagnostic assays. Using a metal mesh, 
a heater which produces more homogenous thermal distribution than a conventional meander 
structure was manufactured using only one metallization step. Through co-polymer functionalization 
of the heater surfaces, oligonucleotides were covalently bound to the surfaces and melting curve 
analysis was performed being able to distinguish between match and mismatch samples. Future work 
will include integration of upstream processes in lab-on-foil system for applications in low cost 
molecular diagnostics.     
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ABSTRACT 

CD4+ T cell count indicates the progress of HIV infection in patients and the effectiveness of antiretroviral 
therapy (ART).   State-of-the-art CD4+ counting methods based on flow cytometry are too taxing for resource-limited 
regions [1], due to their high technique requirement and cost.  Here we present a cost-effective and label-free method, 
integrating immunomagnetic separation and the pinwheel assay [2], to enumerate CD4+ T cells.  Results show that the 
new method correlates closely with flow cytometry (R2=0.997). 
 
KEYWORDS: Cost Effective, Label-free, CD4+ T Lymphocytes, Immunomagnetic Separation  
 
INTRODUCTION 

Worldwide, over 33 million people have been diagnosed with HIV infection, and over 2/3 of the patients live in 
resource-limited regions.  To monitor the disease progression, CD4+ T lymphocytes, which are a type of T cells that 
express CD4 molecules, need to be enumerated periodically.  When this cell count drops below 350 cells per microliter 
of blood (indicating they are immune-compromised), antiretroviral therapy (ART) should be initiated [3]. The current 
gold standard for cell counting is flow cytometry.  However, the high cost and technical requirements make it 
inapplicable in resource-limited regions.  The urgent need for affordable and technically-simple CD4+ diagnostics is 
widely recognized.  Polymeric DNA will absorb to silica-coated particles under chaotropic conditions and form 
aggregate given enough DNA.4   The more DNA present, the tighter the binding and, therefore, the smaller the aggregate 
size.  The DNA concentration can be determined by the aggregate size, and knowing that each cell of the same type 
contains the same mass of DNA, the cell counting can be determined.  A rotating magnetic field (RMF) is used to 
enhance the rate at which silica-coated magnetic beads intertwine with DNA strands (Figure 1). 
 
EXPERIMENTAL  

CD4+ T cells were first isolated by immunomagnetic separation (Figure 2).  Purified CD4 +T cells were then 
lysed by guanidinium chloride, and the released DNA was quantified by pinwheel assay [2].  The CD4 count was 
calculated based on the DNA content. 
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Figure 1.  Pinwheel set up and chemistry. A high-resolution camera was applied for image capturing 
and a stir plate was used to generate RMF.  The upper right cartoon shows DNA strands absorb on 
silica coated magnetic microparticles when guanidinium chloride, a chaotropic salt is at presence, and 
under RMF DNA and magnetic particles will intertwine and form aggregate. 
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RESULTS AND DISCUSSION  
 Figure 3 shows cells captured successfully by antibody-coated magnetic beads under microscopy.  The DNA 
concentration correlated inversely with the aggregate size, i.e., the larger the [DNA], the tighter the aggregates and the 
smaller dark area (Figure 4); the dark area is defined as numbers of pixels that make up the aggregate area, dark area% is 
normalized against a negative control without DNA but otherwise the same solution. The pinwheel assay was calibrated 
against a hemocytometer to correlate DNA concentration with cell numbers.  Experiment results show an excellent 
correlation between the pinwheel assay and flow cytometry (R2=0.997) when blood samples are analyzed within 10 
hours after collection (Figure 5); aged samples (>48 hours) are poor targets for immunocapture, compromising the 
isolation efficiency5 and, therefore, less desirable results are obtained (R2=0.775).  However, pinwheel results are still 

comparable to the hemocytometer results (R2=0.971), which were processed within hours of receiving blood samples 
(Figure 5B), indicating a robustness for the pinwheel assay.  Of 21 blood samples received and analyzed (fresh and 
aged), using a threshold at 350 cells/µL (the critical value to determine whether to initiate ART), only one sample was 
called as false positive (Figure 5D); this makes the pinwheel assay 95% accurate relative to the gold standard flow 
cytometry. 
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Figure 3. View of captured cells. A. Captured monocytes under bright field microscope, arrows point to cells 
enwrapped by beads.  B. Captured CD4+ T cells under bright field microscope. C. Isolated CD4 T cells stained by 
Acridine orange under fluorescence microscope. From A and B we can see the ratio of capturing beads and cell was 
kept high to ensure efficient cell capture. 
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RESULTS AND DISCUSSION 

Other cellsMonocytes

Figure 2. Schematic of the isolation 
procedure. 1. Depletion of monocytes 
with anti-hCD14 coated magnetic beads. 
Monocytes also express CD4 molecules, 
therefore the major contaminant and 
were removed at the first step.  
2.Positive isolation of CD4+ T cells with 
anti-hCD4 coated magnetic beads. 
Captured CD4 T cells were then lysed by 
8M GndCl solutions to release DNA. 
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Figure 4. DNA calibration curve. More DNA winds 
micro-particles tighter and forms smaller aggregate as can 
be seen from the pictures.  These pictures were taken by a 
high resolution camera and processed by a Mathematica 
algorithm which picks up the dark area in these pictures.  
Dark are in each picture was normalized over a negative 
control that contains no DNA. N=3 
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CONCLUSIONS 

In conclusion, the pinwheel effect is shown to be effective for accurately quantitating CD4+ T lymphocytes in a 
label-free manner.  The low cost and easy-to-operate features of the pinwheel assay rivals with flow cytometry and, 
hence, is considered a promising alternative for CD4+ T cell counting in resource-limited regions. 
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Figure 5. Pinwheel assay CD4 results A. Comparison of pinwheel assay versus Hemocytometer shows good 
correlation (R2=0.971).  After isolation steps the captured CD4+ T cells were divided into two aliquots, one was 
enumerated by hemocytometer while the other quantified by pinwheel assay.  Blood samples > 48 hours.  B. Same 
blood samples as in A, correlation of pinwheel assay versus flow cytometry (R2=0.775). Flow cytometry data were 
obtained in Mayo clinic while the pinwheel assay results were acquired after receiving samples. A comparison of 5A 
and 5B indicates the immunolcapture step was the source of discrepancy because samples have degraded and 
become poor targets. C. Flow cytometry and pinwheel data correlates excellent (R2=0.997) when blood samples are 
fresh (within 10 hours).  D. The red circle indicates the only false positive sample out of 21 samples studied. 
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ABSTRACT 
    Pleural effusions – fluids that build up surrounding the lungs - can harbor malignant cells which are important 

to identify for diagnosis of cancer. However, rare malignant cells may lead to misleading diagnoses and a large 

background of leukocytes can prevent accurate identification of mutations of interest for targeted anti-cancer 

therapies. We developed a miniaturized microfluidic system that employs microscale vortices for the size-based 

isolation of malignant cancer cells and mesothelial cells. By processing mL volumes of pleural effusions and 

enriching target cells over a background of blood cells, we replace the traditional centrifugation step in the clinical 

lab. We demonstrate higher purity in 100% of the samples (n=30) where cells are made readily available for 

immunolabeling, standard cytology analysis and molecular analysis.   

 

KEYWORDS 
Laminar Microvortices, Liquid-Based Preparation, Inertial Microfluidics 

 

INTRODUCTION 
Pleural fluids abnormally accumulate in patients with cancer or other diseases and are extracted to determine the 

cause and to provide relief to the patient.  Cytopathologists analyze pleural samples to determine the cause (presence 

of absence of cancer) by examining stained cell smears on a glass slide prepared via centrifugation and labeling [1].  

However, blood cell components (leukocytes/erythrocytes) and other non-cellular materials in the sample create a 

background, making it difficult to locate potentially malignant epithelial cells of interest over a large field of view 

necessary for diagnostic accuracy.   Harvesting large quantities of tumor cells in high purity could improve 

cytology-based diagnoses.  We have previously demonstrated a miniaturized microfluidic system that recapitulates 

the high-throughput operations of enrichment and concentration of a standard laboratory centrifuge [2].  Here, we use 

the “Centrifuge Chip” for the isolation of larger cancer cells and mesothelial cells at high purity from complex 

biological fluids such as pleural effusions as a preparation step for analysis by traditional cytology.  By processing a 

large volume of fluid and selectively enriching larger cells over a background of red and white blood cells we replace 

the traditional centrifugation step in the clinical lab while also potentially enabling more sensitive analysis of pure 

preparations originating from a larger volume. 

 

 
Figure 1: Device Design and Setup. (a,b) Schematic of selective cell trapping in a single microscale vortex and 

parallel device design. (c) Artist rendering of cancer cell capture from a bloody pleural sample (d,e) Centrifuge Chip 

device connected to an automated fluidic instrument to deliver patient pleural samples and saline wash through the 

Centrifuge Chip into the waste bottle. Trapped epithelial cells are made readily available 1) into a collection tube 

for further cytology slide comparisons with the original (Fig. 4) and/or 2) a well-plate for immunolabeling, imaging 

and analysis.   
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EXPERIMENT 

The Centrifuge Chip approach employs unique inertial fluid physics to selectively collect larger cells in laminar 

fluid microvortices at high rates without clog-prone filters (Fig. 1a-c, 2) [2]. The device is connected to a custom-made 

automated fluid processing instrument to enrich larger cells from bloody pleural and peritoneal fluid samples (Fig. 

1d,e).  Purified cells are released into a small liquid volume and made readily available for i) immunolabeling, 

imaging and analysis (Fig. 3), ii) standard cytology slides (Fig. 4), and iii) molecular analysis.  Figure 3 compares 

pleural fluid sample preparation conducted with a standard centrifuge vs. the Centrifuge Chip. Cells are 

immunostained with Cytokeratin-PE (epithelial cell), CD-45-FITC (leukocyte), and DAPI (nucleus). The Centrifuge 

Chip delivers a higher purity sample compared to the standard centrifuge. 
 

 
Figure 2: Processing of Pleural Sample in the Centrifuge Chip. Snapshot high-speed image of trapping of single and 

clumped large cells while smaller contaminating white and red blood cells are washed out.  
 

 
Figure 3: Purity Comparison of Patient Pleural Sample Processed with a Standard Centrifuge and Centrifuge 

Chip. Immuno- fluorescent images of CK+ (red), CD45+ (green), DAPI+ (blue). High purity after Centrifuge Chip 

processing leads to enhanced sensitivity for mutation or expression analysis.  Insets show well-plate color (red and 

colorless). Arrows indicate CK+/DAPI+ epithelial cells. 
 

 

Figure 4: Reduced Background Cytology Slides When Prepared Using the Centrifuge Chip. Patient pleural samples 

with cytologist diagnosis using Papanicolaou (Pap) and May-Grunwald–Giemsa (MGG) stains. (Malignant) 

Malignant cells (white arrows) are found amongst a cellular background of immune cells in standard slides while 

little background is observed in the Centrifuge Chip slide. (Negative for Malignancy) Mesothelial cells (black 

arrows) found amongst a background of red and white blood cells in standard slides compared to Centrifuge Chip 

slide with reduced cellular background. Images obtained at 200x magnification.  
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RESULTS AND DISCUSSION 

The Centrifuge Chip processes effusions at a flow rate of 6 mL/min from up to 50 mL liquid volume and 

concentrates larger cells (mesothelial and epithelial) (Fig. 2).  Smaller leukocytes and erythrocytes are not stably 

trapped in vortices and are significantly reduced in the collected concentrated sample.  Reduction in background and 

concentration from a large sample volume to a small field of view can aid rapid scanning and diagnosis by the 

cytopathologist (Fig. 3, 4). 

Increasing the purity of the sample can also aid molecular diagnostics for targeted cancer therapies.  Removing a 

large population of leukocytes that contain interfering wild type DNA can aid with the detection of genetic lesions that 

contribute to sensitivity or resistance to specific chemotherapies [3]. Thus, purity of the processed pleural sample 

becomes an important parameter for high sensitivity PCR-based mutational analysis, where previously a threshold of 

40% purity was identified for high accuracy [3].   

To quantify purity, unprocessed and Centrifuge Chip processed samples (n=30) were placed in a well-plate, 

immunostained, and analyzed for the presence of CK+/DAPI+ cells over the total number of cells (Fig. 5). 

Contaminating cells include white blood cells that stained positive for CD45, a leukocyte biomarker.  Oftentimes, 

leukocytes become activated in acute or chronic inflammation cases and increase in cell sizes larger than 15 µm (the 

critical size necessary for cell trapping with the Centrifuge Chip).  The Centrifuge Chip increased purity in all cases 

(30 of 30).  The malignant cases (n=5) were diagnosed positive from cytological examination for adenocarcinoma (2 

lung, 1 breast, and 1 gastric cancers) and rhabdomyosarcoma (alveolar) (Fig. 4 Malignant Case).  Atypical cases 

(n=4) are typically diagnosed when suspicious cells are present and require further testing for final diagnosis.  Most 

cases (n=21) were diagnosed negative for malignancy in addition to having acute or chronic inflammation, 

lymphocytosis, or reactive changes.  Additionally, some atypical (2 of 4) and malignant cases (2 of 5) demonstrated 

purity greater than 40% (the threshold for accurate molecular analysis), suggesting it is possible for detecting specific 

gene mutations such as EGFR or KRAS.  While some purity measurements do not exceed the 40%, higher purities 

can be achieved by increasing the critical size cutoff range of the Centrifuge Chip to eliminate leukocyte capture.  

High purity samples provided by a simple high-speed preparation step described here would enable pathologists and 

clinicians to explore and better proscribe targeted drug therapies with an easily accessed source of cells compared to 

solid tumor biopsies.  

 

 
 

Figure 5: Purity Increases Upon Processing with the Centrifuge Chip. Purity is defined as the presence of 

CK+/DAPI+ cells over the total number of cells. All samples (n=30) demonstrate higher purity after processing with 

Centrifuge Chip. Solid lines indicate average of purity for respective diagnosis. Dashed line indicates 40% purity, a 

threshold previously proposed for accurate molecular analysis [3]. 
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ABSTRACT 

Here, we report the development of hydrogel-based single step immunoassay microdevice, which is expected to 
detect the disease marker proteins rapidly in medical diagnoses. In the present study, we designed and synthesized an 
enzyme substrate monomer for alkaline phosphatase (ALP), which was immobilizable to hydrogel by 
copolymerization, and preliminary investigation for the development of single step immunoassay microdevice using 
this monomer was carried out. 
 
KEYWORDS 

Immunoassay, Hydrogel, Microdevice, Single step, Fluorescent enzyme substrate 
 
INTRODUCTION 

Enzyme linked immunosorbent assay (ELISA) is widely used for highly sensitive biomarker detection. 
However, ELISA usually needs complicated and time-consuming operation steps involving the premixing of sample 
(antigen) with reagents (enzyme labeled antibody, fluorescent enzyme substrate molecule) and washing to separate 
unreacted species. Therefore, simple and rapid method of measuring biomarker is required. We have been 
investigated the ELISA devices using capillary format [1]-[4]. However, these works still needs improvement in 
operation steps. In order to solve the problems, we have newly designed a single step immunoassay by using a 
hydrogel covalently immobilizing fluorescent enzyme substrate and a soluble coating containing enzyme labeled 
antibody (Figure 1). In this case, sample introduction by capillary action allows enzyme labeled antibody to be 
released and react with antigen. Since antigen-antibody complex has larger molecular weight, permeation through 
gel is restricted, thus fluorescence intensity decreases with increasing antigen concentration. 

In order to realize this concept, enzyme substrate which cannot be leaked out from gel during the enzyme 
reaction is necessary. Here, we synthesized a fluorescent enzyme substrate monomer having enzyme reaction site, 
fluorescence intensity change moiety after enzyme reaction, and copolymerization site with gel by copolymerization, 
and evaluated the immuno sensing performance of the hydrogel bearing the synthesized monomer molecule. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure1. Single step immunoassay microdevice using a hydrogel immobilizing fluorescent enzyme substrate 
 
EXPERIMENTAL 

First we synthesized a substrate monomer for ALP (Figure 2), and investigated the fundamental characteristics 
of this molecule (enzyme reaction kinetics, fluorescence intensity, immobilization capability in hydrogel by 
copolymerization). In the next step, the synthesized fluorescent substrate monomer was immobilized to poly 
(acrylamide) gel by copolymerization, and fabricated a sensing hydrogel for immunoassay on slide glass coated with 
3-(trimethoxysilyl)propyl methacrylate (Figure 3). As a preliminary investigation, this sensing hydrogel was soaked 
in Tris-HCl buffer containing ALP labeled anti-Human IgG together with Human IgG or without Human IgG, and 
investigated the difference of fluorescence intensity. 
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Figure2. Molecular design concept of enzyme substrate monomer for ALP 
 

 
 
 
 
 
 

 
 

Figure3. Fabrication of a sensing hydrogel for immunoassay 
 
RESULTS AND DISCUSSION 

First, we confirmed that fluorescence intensity of the synthesized substrate monomer for ALP was changed after 
enzyme reaction according to ALP concentration (Figure 4(a)). In order to evaluate the effect of covalent 
immobilization, two hydrogels prepared using synthesized monomer and similar molecule without copolymerization 
site were compared. As shown Figure 4(b), hydrogel prepared by synthesized monomer showed that the 
copolymerization site actually worked for preventing a monomer from diffusing out of hydrogel. These results 
indicate that this monomer has a potential to be applied for the development of new hydrogel-based single step 
immunoassay device. 

Next, we fabricated a sensing hydrogel for immunoassay on slide glass, and carried out preliminary 
investigation. When this sensing hydrogel was soaked in Tris-HCl buffer containing ALP labeled anti-Human IgG 
together with Human IgG, low fluorescence intensity was confirmed. In contrast, when this sensing hydrogel was 
soaked in Tris-HCl buffer containing ALP labeled anti-Human IgG without Human IgG, high fluorescence intensity 
was observed (Figure 5(a)). Furthermore, fluorescence intensity was decreased upon increasing Human IgG 
concentration (Figure 5(b)). These results indicated that we succeeded in developing a new scheme of “sample to 
answer” immunoassay, by using the synthesized enzyme substrate monomer. 
 

 
 
 
 
 
 

 
 
 
 

Figure4. The fundamental characteristics of enzyme substrate monomer for ALP 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure5. Preliminary experiments for single step immunoassay microdevice 
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CONCLUSION 
Fluorescent substrate monomer molecule was newly designed and synthesized. A hydrogel prepared by using 

the monomer showed fluorescence response to ALP-labeled antibody without leaching out from gel. Since the 
fluorescence intensities were the function of antigen concentration, development of the single step immunoassay 
device using soluble coating containing ALP-labeled antibody is expected. 
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ABSTRACT 

The fabrication of toner-based microfluidic devices to perform clinical diagnostics with capillary force and colori-

metric detection is described in this work. Microfluidic devices were fabricated by a direct-printing technology. The 

printed layout and its mirror image were aligned with an intermediary cut-through polyester film and then thermally 

laminated together at 150 ºC  at 60 cm/min to obtain a channel with ca. 100-µm depth. Colorimetric assays for glu-

cose and total protein were successfully performed using a desktop scanner. The limit of detection (LD) for glucose 

and protein was ca. 1 mM and 3 mM, respectively. For protein assays, the standard relative deviation (RSD) for 

zone-to-zone comparison was below 5%.  

KEYWORDS: Microfluidics devices, Colorimetric detection, bioassays 

 

INTRODUCTION 

The development of microfluidic devices for clinical diagnostics has exhibited an impressive growth in the last 

years. Recent reports have focused on the fabrication of low cost devices to be used in point-of-care (POC) diagnos-

tics and developing countries where the application of financial funding is quite limited [1]. In this scenario, toner 

and paper substrates have appeared as promising and disposable platforms for microfluidic applications [2]. The 

availability of non- or minimally instrumented microfluidic devices is well-suited to be used in these locations in as-

sociation with low cost devices [3]. Capillary-driven microfluidic devices can meet these requirements once they are 

efficient, fast and, most importantly, they do not need external power equipments [4]. The spontaneous motion of a 

liquid inside microchannels towards functionalized surfaces or reaction chambers is one of the key advantages to ob-

tain a non-instrumented device for a rapid clinical diagnostic. For this reason, capillary-driven microfluidics have re-

ceived special attention mainly because they can be combined with emerging platforms, including paper and toner-

based devices, for bioanalytical applications or POC diagnostics. 

 

EXPERIMENTAL 

Toner-based microfluidic devices were fabricated (see Figure 1) by a direct-printing process [5]. First, the desira-

ble layout and its mirror image were drawn in Corel Draw software and printed on a polyester film using a laser 

printer with 1200-dpi resolution (Hewlett Packard model 1102w). A cut-through polyester film was inserted between 

both printed images in order to enhance the channel depth and assure the fluidic transport by capillary force. The 

three polyester pieces were aligned and after thermally laminated at 150 ºC under a rate of 60 cm/min. The layout of 

the proposed device (35 mm × 35 mm) consisted of four test zones interconnected by microfluidic channels and one 

central inlet zone to sample distribution (Figure 1C). All channels were 10-mm long, 1-mm wide and ca. 100-µm 

deep.  
 

 

Figure 1. Scheme of the toner-based devices fabrication process in (A) 3D and (B) cross section view and (C) exam-

ple of a toner-based device for clinical assays. 
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RESULTS AND DISCUSSION 
Preliminary tests were performed to evaluate the flow rate in the channel.

the flow rate magnitude was also investigated. For this study, channels with width ranging 

produced. Figure 2A shows that lower flow rates were found to wider channels

higher the sample volume, the greater flow rate magnitude

 

Figure 2. Effect of (A ) channel width (B) sample volum

microfluidic devices. In (A), channel width was 0.5 mm; in (B), the sample volume added to central zone was 10 µL.
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Figure 3. Representation of the (A) device layout and examples of bioassays for (B) glucose, (C) total protein, (D) 

glucose plus protein together on the same device and (E) calibration curve for glucose assays.
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CONCLUSIONS 

It has been demonstrated that toner-based microfluidic devices can be used to perform clinically relevant assays 

with capillary force and colorimetric measurements. Tests for glucose and total proteins were successfully per-

formed. One of the main advantages is that the toner-based technology does not need either photolithographic steps 

or thermal treatment. Furthermore, a single A4-size polyester sheet has been used to print thirty five devices with 

dimensions of 35 mm x 35 mm each. The cost of a single device has been estimated to be ca. 0.10 cents of dollar 

(including the costs of polyester film, toner layer the also the cut-through polyester which was provided by a special-

ized local service). This low cost stimulates the use these proposed microfluidic devices in regions where the finan-

cial resources are very limited. Recents advances in our research group have successfully showed the use of other 

equipments to perform colorimetric detection such as mobile phone cameras, microscopes and conventional camer-

as. Besides total proteins and glucose assays, the proposed device has been explored to perform independently cho-

lesterol, bovine serum albumine and triglycerides assays. Current experiments are focused on the fabrication of a 

more complex device to perform simultaneously all assays mentioned above. Furthermore, some additional ad-

vantages have been found including the excellent chip-to-chip reproducibility (RSD < 5%, n = 4) as well as the pos-

sibility of reuse a single chip. We believe this technology can spread out the insertion of toner-based technologies 

into different fields including clinical, genetic and biological applications. We believed that the proposed devices are 

an alternative tool to be applied in diagnostics of infectious diseases. 
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ABSTRACT
     We have developed immuno-pillar devices for rapid and easy-to-use immunoassay, but to improve the speed 
of assay (5-10 min) and the detection sensitivity (nM-pM level) has still remained as major problems toward the 
clinical applications of immuno-pillar devices.  We report here the second-generation immuno-pillar devices with 
faster assay within 2 min and pM-fM detection sensitivity.  New devices enable us to apply them to the clinical 
trials for the detection of multiple biomarkers (monocyte chemotactic protein 1 (MCP-1), angiotensinogen (AGT), 
liver-type fatty acid binding protein (L-FABP)) of diabetic nephropathy in human urine without any pretreatments. 
 
KEYWORDS
Immunoassay, Biomarker, Clinical Samples, Urine 

 
INTRODUCTION
     The application of the microchip technologies to clinical diagnosis has many advantages in reductions of the 
amount of samples, total assay time, costs and so on.  This allows us frequent check-ups of various diseases, 
resulting in the early diagnosis.  Typically, the therapy of the patients with late stage takes much cost, extremely 
long time and physical and mental strain of the patients.  For example, late stage diabetic nephropathy is a leading 
cause of the artificial dialysis.  Since the patients with late stage are forced to receive the artificial dialysis three 
times a week in a hospital, the establishment of an early stage diagnosis method is strongly required.  To achieve 
this, we developed an immunoassay device [1], in which PEG-based hydrogel pillars with antibody immobilized 
300000 microbeads were fabricated in a microchannel.  Based on the microbeads, we performed the sandwich 
immunoassay against the markers of diabetic nephropathy.  The immunoassay within 2 min and pM-fM detection 
sensitivity was achieved and our estimations of the markers’ concentrations had good correlations with those 
obtained by the conventional microtiter plate method. 

 
EXPERIMENT
DEVICE
     A photograph of the substrate and schematic of the PEG-based pillars are shown in Fig. 1.  We call this 
device “immuno-pillar device”.  Immuno-pillar structures are fabricated by photo-polymerization of PEG-based 
polymer with antibody-immobilized microbeads inside a microchannel.  In the first-generation immuno-pillar 
devices [1], we controlled the mesh size (ca. 200 nm) of PEG-based polymer to contain 30,000 microbeads inside a 
single immuno-pillar, but it leads to slower migration of high-molecular weight biomarkers and lower detection 
sensitivity.  In order to achieve faster assay and higher sensitivity, we controlled the mesh size from 500 nm to 700 
nm to contain much more number of beads and accelerate the diffusion rate of biomarkers.  As a result, over 
300,000 antibody-immobilized polystyrene microbeads are effectively captured inside a single PEG-based hydrogel 
pillar. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Photograph and schematic of the immunoassay device. 
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ASSAY OPERATION
     The procedures of sandwich immunoassay using the immuno-pillar devices are depicted in Fig. 2.  We 
introduced 0.25 L of the antigen solution or urine sample into the microchannel and incubated for 30 seconds at 
37°C.  After the incubation, the solution inside the microchannel was sucked by an aspirator and the inside walls of 
the microchannel and the immuno-pillars were washed 3 times with PBS to remove non-specific binding antigen.  
Then, we introduced 0.25 L of the fluorescent-labeled secondary antibody into the microchannel and incubated for 
30 seconds at 37°C.  After the incubation, the solution inside the microchannel was sucked by the aspirator and the 
inside walls of the microchannel and the immuno-pillars were washed 3 times with PBS to remove unreacted 
secondary antibody.  Finally, the microchannel was filled with PBS and the fluorescence signal from the 
immuno-pillars were detected by using an inverted fluorescence microscope (Ti-U, Nikon, Tokyo, Japan) equipped 
with a CCD camera (EM-CCD, Hamamatsu Photonics, Hamamatsu, Japan) and super high pressure mercury lamp 
(Nikon, Tokyo, Japan). 

 
RESULTS AND DISCUSSION
     In order to measure the concentrations of MCP-1, AGT and L-FABP in the urine samples, we adopted the 
external standard calibration curve method.  The standard curve for each MCP-1, AGT and L-FABP was 
established with standard solutions.  The standard curves with urine data are shown in Fig. 3.  The blue and red 
plots were obtained with standard solutions and human urine samples, respectively.  The concentration values of 
the human urine samples were derived by the conventional microtiter plate method.  The limits of detection were 
estimated as MCP-1: 15 pg/mL=1.72 pM; AGT: 30 pg/mL=378 fM; and L-FABP: 20 pg/mL=1.25 pM, which gave a 
signal at 3 SDs (standard deviations) above the back ground.  We can see that the urine data fit well to each 
calibration curve.  The concentrations in the human urine samples were estimated by horizontally projecting to the 
least squares line derived from its three nearest blue plots.  Then, we carried out the regression analysis of the 
correlations between the results given by using the immuno-pillar devices and the conventional microtiter plate 
sandwich immunoassay (Fig. 4).  The analysis of the data confirmed that immunopillar devices provide accurate 
detection of each marker included in human urine and can be utilized widely in the early stage diagnosis of diabetic 
nephropathy. 

Figure 2: Immunoassay procedure. 

Figure 3: Calibration curves of (a) MCP-1, (b) AGT and (c) L-FABP.  The blue and red plots were obtained 
with standard solutions and human urine samples, respectively. 
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Figure 4: Regression analysis of the correlations between the results given by using immunopillar device 
and the conventional microtiter plate sandwich immunoassay.  Dashed lines indicate the ideal 
correlation.  The values of coefficient of determination (R2) denote the correlation between the plots and 
the dashed line. 
 
CONCLUSIONS 

     Utilizing the second generation immuno-pillar devices, we need only 2 min to achieve immunoassay of urine 
samples of the patients without any pretreatment and gain higher sensitivity for three important biomarkers of 
diabetic nephropathy (detection limits of MCP-1: 15 pg/mL=1.72 pM; AGT: 30 pg/mL=378 fM; and L-FABP: 20 
pg/mL=1.25 pM).  These results are attributable to the higher surface to volume ratio of immuno-pillar containing 
ten times more number of microbeads and faster migration of biomarkers through larger mesh size of immuno-pillar. 
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A MICROFLUIDIC DEVICE FOR EXPOSING TUMOR BIOPSY TISSUE TO
MULTIPLE DRUGS 

Tim Chang1* ,Raymond J. Monnat, Jr and Albert Folch 
1Department of Bioengineering,University of Washington, Seattle, USA and

2Department of Pathology, University of Washington, Seattle, USA 
 
ABSTRACT 
    This paper reports a novel and practical microfluidic approach for culturing live tumor biopsies and multiplexing their ex-
posure to chemotherapy drugs. Our microfluidic device offers 80 individually addressable streams which enables stimulation 
of multiple areas on a biopsy tissue and allows explant culture of a full core biopsy tissue while preserving the tumor micro-
environment. Biopsy tissues from mouse livers were used to provide data including staining of distinct micro-domains on sin-
gle biopsy tissues and intracellular delivery. Our results demonstrate the feasibility of a novel preclinical paradigm with great 
potential for predicting drug responses in cancer patients. 

KEYWORDS: Microfluidics, Biopsy, Personalized Chemotherapy, Cancer, Tumor, Drug Testing 
 

INTRODUCTION 
    Drug prediction in cancer patients is usually inaccurate because of the heterogeneity of the tumors and the difficulty of re-
constructing the tumor model. In personalized chemotherapy, DNA sequencing is used to capture key genetic mutations and 
find the drugs that specifically target these key mutants. However, this genetic approach truly ignores the importance of the 
tumor microenvironment. Growing evidence suggests a pivotal role of tumor-stromal interactions in tumorigenesis and tumor 
progression and is responsible for drug responses in cancer patients [1]. Several research groups have used tumor slice cul-
tures as a model for drug prediction [2] but only one group has attempted to culture biopsy tissue [3]. Tumor slices can only 
be produced from large tumors and after surgical extraction, whereas the extraction of a needle core biopsy is relatively less 
invasive and is routinely used for diagnostics. Using tumor slices or tumor biopsies capture the importance of maintaining tu-
mor microenvironment for drug prediction. Nevertheless, there is not a systematic model to describe the method of using a 
piece of tissue from a tumor as a predictive model. In this paper, we report a device which preserves the tumor microenviron-
ment, works as a platform for needle core biopsy culture, can test large amounts of drugs, and is user-friendly to operate. We 
believe that our approach can be combined with DNA sequencing as a model for drug testing and will have a better prediction 
about drug responses in cancer patients.  

THEORY 
    Core biopsy tissue from a tumor is a suitable model for drug testing because the biopsy tissue preserves the tissue architec-
ture and is compatible with the clinical approach. To achieve this model, we cultured the core biopsy following the “organo-
typic culture” technique used for brain slices, whereby the tissue is placed on top of a PET porous membrane, the cell culture 
medium is placed below the PET membrane, and the tissue is left in contact with air to maintain a good viability (Fig. 1a). 
The tissue is hydrophilic and is in contact with humidified air, so it is permanently moist, evaporation at the air-fluid interface, 
plays a crucial role in nutrient transport through the tissue to maintain viability. In order to achieve user friendliness, the de-
vice has a microfluidic input interface based on a 96-well plate and enables the multiplexed delivery of large numbers of rea-
gents (Fig. 1b). The reagents can be pipetted into the wells of the 96-well plate and are delivered to the tissue (Fig. 1c) 
through a network of microchannels that are bonded underneath the 96-well plate. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. a) Cross-sectional view of the biopsy device. b) Biopsy device with coloring dye. 80 wells can be individually 
loaded with different reagents and laminar flows are created perpendicularly to the biopsy chamber. c) Multiple laminar 
flows. The distortion of the streams is because few channels in the center were not open.    
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EXPERIMENTAL 

Device Fabrication and Operation The device includes a 96-well plate, a poly(dimethylsiloxane) (PDMS) interconnect lay-
er, a microchannel network layer ,and the central area of the chip (where the tissue is placed) (Fig. 2a). The first layer is a bot-
tomless 96-well plate with a modification of a square reservoir in the center of the plate. The modification is done by cutting 
the plate with a rotary tool and sacrificing an area equal to 4x4 = 16 wells, thus the device only accepts 80 inputs instead of 
96. The second layer is a PDMS interface containing 3-mm holes and a central square. This is done by exclusion molding 
from a laser-cut rectangular mold to create a uniform rectangular PDMS block, followed by punching 3-mm holes and cutting  
the central square to match the modified 96 well plate. The third layer consists of two separate PDMS molds to assemble a 
complete channel network to distribute the fluids from the well inlets to the tissue. This layer is fabricated using photolithog-
raphy to create a SU8 master of microchannels on a silicon wafer, laser-cut acrylic sheet to attach to the wafer to define the 
shape of the PDMS replica, and exclusion molding to create a uniform thickness of the PDMS replica (the thickness is the 
same as the acrylic sheet). Then, a 0.5-mm punch is used to punch through the PDMS replica to allow the fluids to flow into 
the microfluidic chip. The fourth layer is a microfluidic chip which has 80 individual channels in parallel. These channels sit 
underneath a PET porouse membrane, on top of which the biopsy tissue culture chamber sits. The microchannel network layer 
connects the wells with the central chip in order to deliver the reagents. The flow rates of all channels are equilibrated by ad-
justing the microchannel resistances (i.e. changing their widths according to their lengths). Bonding of PDMS to PDMS is 
done by oxygen plasma and PDMS to plastic is done by a surface modification using aminopropyltriethoxysilane (APTES) 
coating [4]. The central microfluidic chip is integrated within the well plate to accommodate standard microscopy platforms. 
The device is operated by gravity flow and the total flow rate is driven by a syringe pump through an outlet. Therefore, one 
tube controlled by a syringe pump is able to create 80 fluidic streams. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mouse liver biopsy extraction  Since the heterogeneity of tumor tissue can be a confounding factor in the analysis of results, 
we used healthy mouse liver as our tissue samples for our first proof-of-concept experiments. Mouse liver slice culture has 
been shown in many research groups as a model for toxicity testing [5] and is able to provide homogeneous tissue biopsies to 
allow us to verify our diffusion model in the device. To extract liver biopsies, the liver was first resected from a mouse, then 
was quickly transferred to ice cold Hanks’ balanced salt solution (HBSS). A 20-gauge biopsy instrument (Angiotech, PA) was 
used to extract multiple liver biopsies with a diameter of 600 µm from one mouse liver, after which the liver biopsy tissues 
were transferred to the device (Fig. 2b,c) using a transfer pipette. The distinct micro-domains of red food-coloring stains on 
liver biopsy tissues are shown in Fig. 2d~f.  

 
Figure 2. a) Layer-by-layer schematic view of the device. b,c) Two liver biopsy tissues are placed within a culture 
chamber and on the PET porous membrane while the red colored streams were delivered underneath the tissues. d~f) 
Red dye staining of liver biopsy tissues. After red colored dye was flowed for two hours (d) and flushed with HBSS 
(e), the dye was selectively transferred from the bottom streams to the liver tissue.  
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RESULTS AND DISCUSSION 

Intracellular micro-domain delivery Green fluorescent chloromethyl derivatives of fluorescein diacetate (CMFDA, 
CellTracker Green) were used as a staining reagent to visualize diffusion transport to live cells. We first seeded GM639 hu-
man fibroblast cells in our device and waited for 3 hours to allow cells to attach to the PET membrane. We then pipetted 
CellTracker solution (1 µM) and HBSS in the alternative channels to allow both solutions to flow beneath the membrane and 
the cells for 40 minutes before the images were acquired (Fig. 3a). The micro-domain staining of the monolayer of attached 
cells was distinguishable and allowed us to verify the diffusion through the PET porous membrane from the bottom fluids to 
the cells. Additionally, we used a mouse liver biopsy tissue with the same experimental conditions as the dissociated cells to 
test the diffusion transport to the tissue. As seen in the results in Figure 3b,  we were only able to see the micro-domain stain-
ing in a 2-dimensional view but there was no cross diffusion seen in this CellTracker experiment. The additional use of confo-
cal microscopy will be applied to see the diffusion in a three-dimensional manner. 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 

We have successfully fabricated a novel microfluidic device that enables the culture and multiplexing of large numbers of 
reagents on one piece of biopsy tissue. Using a biopsy tissue allows for extracting a large amount of biological information 
with minimum invasiveness to the patients. Moreover, using an intact biopsy tissue preserves the tumor microenvironment, 
requires no additional procedures to the tissue (no additional tissue sectioning or dissociation) and matches the standard pro-
cedure of tumor diagnosis. This microfluidic device enables us to test large amount of drugs on a tumor biopsy to predict drug 
responses in cancer patients and is able to provide fast and accurate results. The device also has a user-friendly interface 
which is operated by pipetting. Our preliminary results demonstrate the feasibility of a new paradigm for predicting personal-
ized chemotoxicity response profiles based on intact biopsy tissues.  
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Figure 3. a) Monolayer of human fibroblast cells and b) a liver biopsy tissue were selectively stained with CellTracker. 
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ABSTRACT
 These days the most widely used methods for Antibiotics Susceptibility Test (AST) are the micro-dilution method 

for liquid condition and the disk diffusion method for solid condition. Using the micro-dilution method, automated 
AST systems have been developed. The system consume relatively large amount of bacteria and test time because it 
measures optical density (OD) for bacterial growth to determine the minimal inhibitory concentrations (MICs) of 
relevant antibiotics. We have invented a new microfluidic channel system for AST to reduce both amount of bacteria 
and test time dramatically. The agarose based microfulidic channel system fixes bacterial cell and tracks single cell 
growth to reduce AST assay time and to determine MICs of antibiotics. In this system, the conventional laboratory 
bacteria and four standard bacteria of Clinical and Laboratory Standard Institute (CLSI) were tested with several 
kinds of antibiotics to determine the MIC values. The obtained MIC values were confirmed using the conventional
method (micro-dilution method) and also compared with the MIC data from CLSI. As a result, this system showed 
no different MIC values from conventional systems and innovatively reduced assay time and amounts of medium, 
antibiotics and bacterial cells for MIC determination

KEYWORDS
Antibiotic Susceptibility Test, Microfluidic Channel, Single Cell Imaging

INTRODUCTION
Owing to increasing antibiotic-resistant issues (e.g. MRSA and VRSA) [1], a rapid antibiotics susceptibility test 

(AST) is demanded. The most widely used methods for AST are microdilution or disk diffusion. Using the 
microdilution, automated AST instrument is developed as well [2]. These methods determine the minimal inhibitory 
concentration (MIC) of bacteria using optical density (OD) or macro scale change of bacterial colony. For these tests, 
large amount of bacteria and time (normally overnight) are needed.

We designed a microfluidic agarose channel (MAC) AST to reduce both amount of bacteria and test time (within 
few hours) by using the agarose based microfluidic channel system. The bacteria were injected to the microchannel 
with agarose. After applying media including different concentration of antibiotics in the microchannel, we checked 
the bacterial growth under microscope.

EXPERIMENT
The design of the microfluidic channel is in Figure 1. Using radial pattern of the channels, different 

concentrations of different antibiotics were applied for MIC test at the same time. The imaging process is below and 
Figure 1a. 1) The bacteria in preheated agarose were injected to the center of the channel and the bacterium spread 
out up to the branch point of the each channel in which the bacterium was fixed. 2) The several kinds of antibiotics 
were applied to the each channel with different concentrations in the cation adjusted Miller Hinton broth (CAMHB). 
The antibiotic solutions were diffused into the agarose so the bacterium was exposed to antibiotics. 3) The channels 
were incubated in the heat chamber. The bacterium did not grow over the MIC concentrations whereas it grew well 
under the MIC concentrations. 4) By measuring the growth of the bacterium under microscope and performing 
image processing (Fig. 2) for calculating the growth of the bacteria, we could determine the MIC of this bacterium.

RESULTS AND DISCUSSION
For example, MIC determination of amikacin against P. aeruginosa ATCC 27853 was performed in Figure 3. In 

the CLSI report, the MIC values are in the range of 1 to 4 μg/ml (Amikacin, P. aeruginosa ATCC 27853) Therefore, 
the concentrations of amikacin were determined in ranges of 0 to 8 μg/ml by two fold. After three hours of 
incubation, there were noticeable differences among the images. After image processing, we plotted the derived 
bacterial occupation data of bacterial growth on the graph according to incubation time. From the data, we 
determined the MIC values of amikacin against the P. aeruginosa ATCC 27853 (4 μg/ml). The 4 μg/ml of MIC 
values are in the MIC ranges of CLSI data[3]. In this system, the three standard bacteria of Clinical and Laboratory 
Standard Institute (CLSI) were tested with three kinds of antibiotics to be verified with the conventional AST system 
in table 1. 
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Figure 1. a) The schematic diagram for the microfluidic agarose channel (MAC) system. b-2) The agarose-bacterial 
mixture solution is injected at the center of the chip and applied into the six main channels synchronously. b-3) The 
different concentrations of antibiotic in the culture media are supplied from the side branched channels. b-4) Each 
interface between agarose with bacteria and antibiotics is monitored by microscopy for checking the growth. The 
process of the AST process of the MAC system. The bacterium is mixed with agarose and then injected into the main 
channels. The sharp interface is generated and liquid medium including different concentrations of antibiotic is 
applied from six side-branched channels into the main channel. The bacterial cell growth is tracked under 
microscope using time-lapse method. 

 

 
Figure 2. Image processing. RGB images (a) were transformed to grey format images (b). The background was 
eliminated (c) and optimized (d).  The processed images were changed to binary format images after enhancing 
imaging contrast (e). 

Figure 3. The bacterial growth and n on-growth determination through image processing. Minimum Inhibitory 
Concentration (MIC) determination of amikacin against P. aeruginosa ATCC 27853. (A) The raw image data with 
incubation time and antibiotic concentration (left) and processed image data (right), respectively. (B) The graph of 
the bacterial proportional growth compared to the initial state with incubation time. MIC was determined to 4 μg/ml 
of amikacin against P. aeruginosa ATCC 27853. 
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Table 1. The comparison of the MIC from the CLSI and the MAC data. All MIC data of the MAC system were in the 
MIC ranges of CLSI results. (Unit : μg/ml) 
 

Standard 
       Strains 
Antibiotics  

E.coli 
ATCC 25922 

P.aeruginosa 
ATCC 27853 

S. aureus 
ATCC 29213 

CLSI MAC CLSI MAC CLSI MAC 

Amikacin 0.5-4 4 1-4 4 1-4 4 
Tetracycline 0.5-2 1 8-32 8 0.12-1 0.5 
Gentamycin 0.25-1 1 0.5-2 2 0.12-1 1 

 
CONCLUSIONS 

In this research, we designed a microfluidic channel system called MAC which innovatively can save AST assay 
time. In the MAC system, the microchannel system is integrated with solidified agarose. The bacteria cells are fixed 
in the thin agarose matrix and different concentrations of antibiotics are supplied into the bacterial cells through 
diffusion method. The growth of bacterial single cell is tracked under microscope according to incubation time and 
the growth images are processed through our own image processing program to determine MIC values. The whole 
AST process requires 3~4 hours and the accuracy is comparable to the conventional AST results of CLSI. 

In the clinical area, the MAC system can provide the rapid and accurate AST data for proper medication in 
clinical area. It would avoid the over or miss-use of the antibiotics and save many patients from death of sepsis. 
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INTEGRATION OF NEURAMINIDASE INHIBITOR ASSAY
INTO SINGLE STEP OPERATION

USING COMBINABLE PDMS CAPILLARY (CPC) SENSOR

Tadashi Ishimoto, Kaede Jigawa, Terence G. Henares, Tatsuro Endo, Hideaki Hisamoto
Department of Applied Chemistry, Graduate School of Engineering,

Osaka Prefecture University, Japan

ABSTRACT
    Neuraminidase inhibitor assay requiring complicated step-by-step operation was successfully integrated 
into ”Single-Step” by using CPC sensor. We developed a combinable PDMS capillary (CPC) sensor for enzyme 
inhibition assay using the concave and convex type PDMS substrates. In the conventional enzyme inhibitor assay, 
complicated analytical procedures, such as mixing and dissolution, are required. In contrast, this sensor allows 
single-step assay possible only by sample introduction via capillary action. Here, we applied this technique for 
neuraminidase inhibitor assay as application and found appropriate experimental condition allowing single-step 
assay of neuraminidase inhibitor. 
 
KEYWORDS

Capillary array sensor, Combinable PDMS capillary, Neuraminidase inhibitor assay, Single step operation 
           

INTRODUCTION
Neuraminidase is an enzyme which exists on the surface of an influenza virus. This releases the newly 

reproduced virus from a host cell and promotes the infection to a surrounding cell (Fig. 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1: The principle of infection of influenza virus by neuraminidase
 
 

For this reason, neuraminidase inhibitor assay is very important for influenza drug development. However, in 
the conventional assay [1], complicated step-by-step operation is necessary, because optimal pH of the enzyme 
reaction differs from that of the fluorescence detection. 

On the other hand, recently, we developed a combinable PDMS capillary (CPC) sensor for enzyme inhibitor 
assay using the concave and convex type PDMS substrates immobilizing enzyme and fluorescent substrate 
independently (Fig. 2). 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Preparation of CPC sensor
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In the conventional enzyme inhibitor assay, complicated analytical procedures, such as mixing and dissolution, 
are required. However, this sensor allows single-step assay possible only by sample introduction via capillary action 
(Fig. 3).As a proof of concept, single-step trypsin inhibitor assay was successfully performed previously [2]. 
Thus, this work is aiming at the single step detection of the neuraminidase inhibitor using CPC sensor by controlling 
the pH of the sample inhibitor solution, and evaluation of the inhibition constant using typical inhibitor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Comparison of conventional inhibitor assay and single step inhibitor assay using CPC sensor

EXPERIMENT
 ”Concave”- and ”Convex”-shaped PDMS substrates were prepared by the conventional molding.  

(1) The method of immobilizing the fluorescent substrate to the concave-shaped PDMS substrate 
Fluorescent substrate solution containing PEG 20000 and PDMS-PEG was introduced into concave-shaped PDMS 
substrate, then, the soluble coating was immobilized by vacuum drying. 
(2) The method of immobilizing neuraminidase to the convex-shaped PDMS substrate 
After adsorbing BSA on the surface of the convex-shaped PDMS substrate, neuraminidase was covalently 
immobilized using glutaraldehyde. 

Finally, the concave and convex-shaped PDMS substrates were combined, and then fluorescence intensity was 
measured with fluorescence microscope by introducing buffer solution or inhibitor solution.  

 
RESULTS AND DISCUSSION

First, we investigated the optimal pH which allows neuraminidase inhibitor assay to be attained by single step 
using CPC sensor, and found that strong fluorescence response was observed at pH7.8. When the reaction profile 
was investigated under this condition, reaction time was shortened from 1 hour in the conventional assay to 15 
minutes. The sample solution required in this assay was 1 μL or less by using CPC sensor, while it was 100μL in the 
conventional assay. Next, when neuraminidase inhibitor assay was performed using typical inhibitor, 
N-Acetyl-2,3-dehydro-2-deoxyneuraminic acid, inhibition constant Ki of 4.1×10-6, which was very close to the 
literature value (8.6×10-6) [3], was obtained (Fig. 4). Ki was calculated from obtained IC50 [4]. Finally, comparison 
of fluorescence responses for buffer solution and well-known influenza drug of Relenza solution, was demonstrated 
and found successful inhibition by Relenza (Fig. 5). 
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Fig. 4: Neuraminidase inhibitor assay using CPC sensor array
 

Fig. 5: Inhibition by Relenza
 
CONCLUSION

In conclusion, integration of neuraminidase inhibitor assay into single step operation was successfully 
performed by using CPC sensor. In addition, sample consumption was reduced 100-fold and reaction time was also 
reduced 4-fold. Furthermore, this concept could be applied to Relenza which was well-known as an influenza drug. 
An arraying various CPC sensors for different inhibitor assays is expected to develop a useful drug screening device. 
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ABSTRACT 
Transarterial chemoembolisation (TACE) is a therapeutic procedure generally employed in the treatment of 
hypervascularised tumours. It is performed by arterial infusion of anticancer drugs followed by injection of 
embolic materials, thus combining the therapeutic effect of drugs with embolisation-induced tissue ischemia
generated by vascular occlusion. Recently, drug-loaded microspherical beads have been introduced and 
employed as chemoembolic devices, allowing for improved process standardisation and spatially-controlled 
drug delivery. A range of different experimental methods have been employed for investigating the kinetics of 
drug elution from drug eluting beads (DEBs) and comparing the elution profiles of different embolic devices. 
However, no current available system faithfully reproduces the flow dynamics and the intricate architecture of 
microvascular networks. In the present study, the elution of doxorubicin hydrochloride from hydrogel DEBs was
investigated by means of a biomimetic microfluidic device. With the developed system, new insights into the 
mechanisms of drug elution at clinically-relevant fluidic conditions were obtained, including the effect of the 
spatial location of the embolic site on the spatio-temporal evolution of the drug elution process. 
 
KEYWORDS 
Chemoembolisation; Biomimetics; Microchannel network; Hydrogel bead; Bifurcation; Drug elution 
 
INTRODUCTION 

Despite its widespread clinical usage, traditional systemic delivery of chemotherapeutic drugs suffers from a 
range of drawbacks, including low drug concentration achieved in the target tumour tissue, non-specific drug 
toxicity and the development of drug resistance. This results in patients undergoing chemotherapy treatment 
potentially suffering from diverse systemic side effects. In order to minimise the occurrence of these side effects, 
locoregional therapies have been proposed, which allow for increased concentration of drug delivered to the 
tumour and reduced systemic exposure compared to conventional chemotherapy. Among these techniques, 
transarterial chemoembolisation (TACE) has been used for over 30 years and is performed by local arterial 
infusion of the chemotherapeutic agent and subsequent injection of embolic materials, thus synergistically 
combining the potential cytotoxic effect of drugs to bland embolisation, and minimising the systemic toxic 
effects [1]. Whilst the advantages of TACE with respect to systemic chemotherapy have been widely 
demonstrated, there still persists a lack of method standardisation in terms of properties and type of embolic 
device and administration techniques to be employed. In order to address these issues, DEBs in the form of 
calibrated deformable microspheres have been recently introduced [2]. DEBs generally consist of a 
biocompatible, non-degradable polymer capable of sequestering specific molecules (i.e. anticancer drugs) and 
release them for prolonged time. DEBs allow for spatially-controlled and simultaneous delivery of the 
anticancer drug and the embolic device in a single step, by means of microcatheters, providing improved 
controllability and reduced drug clearance compared to conventional TACE. A range of different experimental 
techniques have been developed for quantifying the kinetics of drug elution from DEBs. However, currently 
available techniques do not faithfully reproduce the in-vivo flow dynamic environment, which potentially limits 
the optimisation of chemoembolic devices. In the present study, the elution of doxorubicin hydrochloride from 
hydrogel embolic beads (DC Bead®, Biocompatibles UK Ltd) was investigated within a biomimetic 
microchannel network which reproduced typical features of tumour microvascular systems [3]. The 
microfluidic-based device was previously observed to allow for a faithful reproduction of embolisation 
mechanisms, including the discrimination between single-bead and multi-bead vascular embolisation [3].
 
EXPERIMENTAL 

The biomimetic microfluidic device consisted of a microchannel network reproducing typical features of 
tumour arteriolar systems, including bifurcation architecture, vessel curvature and the significant reduction of 
vessel diameter along the network [3]. The device was fabricated by bonding two specular micromilled
poly(methyl methacrylate) (PMMA) layers in order to obtain circular channel cross-section (inset, Fig. 1).
Channels inner diameter varied from 1000μm (proximal) to 200μm (distal). A model of commercially-available 
DEB (DC Bead®, 500-700μm diameter range, Biocompatibles UK Ltd) was employed for drug elution studies.
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DC Bead® consists of a polyvinyl alcohol (PVA) polymer hydrogel which has been modified by addition of a 
sulfonic acid-containing component. This is capable of actively sequestering oppositely charged molecules (i.e. 
doxorubicin hydrochloride) by ion-exchange mechanism, and subsequently release them when exposed to 
Na+-rich fluidic environments (i.e. plasma). Physiological buffered saline (PBS) solution was employed as 
working fluid, reproducing the physical properties and the ionic strength of plasma.  

 
Figure 1: Experimental set-up (AL: arterial line, IL: injection line, VL: venous line). 

 

Fig. 1 illustrates the experimental set-up. The working fluid was injected into the arterial line (AL) using a 
peristaltic pump followed by a damper. Steady inlet flow rate was varied within a range of physiological 
Reynolds numbers (Re) between 71.28 and 287.27. A single bead was injected into AL through the injection line 
(IL). The fluid flow was recirculated through the venous line (VL). Embolisation was performed at different 
locations within the network, including proximal embolisation in channel C2 (e.g. bead partially penetrated 
within the embolised channel, Fig. 2e1) and distal embolisation in channel C3 (e.g. bead completely penetrated 
within the embolised channel, Fig. 2e2).   

 
Figure 2: Schematic depiction of proximal embolisation (e1) and distal embolisation (e2) within the network. 

 

Quantification of the spatio-temporal evolution of drug elution was achieved by two means: 1. On-chip 
fluorescent determination was achieved by positioning the microfluidic device on the stage of an inverted 
microscope (IX 71, Olympus) and recording subsequent fluorescent images of the bead. An in house MATLAB 
code was designed for quantification of drug elution kinetics and the time evolution of bead location within the 
embolised channel. 2. Off-chip on-line spetrofluorimetric recordings were obtained by connecting the venous 
line to a flow cell. Furthermore, flow visualisation experiments using 1μm diameter polystyrene fluorescent 
particles were performed in order to investigate the contribution of the flow dynamic environment on drug 
elution mechanisms.  
 
RESULTS AND DISCUSSION 

With the developed biomimetic microfluidic device, relevant information regarding the mechanisms of drug 
elution from hydrogel embolic beads was obtained. Notably, the fractional amount of eluted drug (ϕ) from 
single-bead was quantified at different Re (Fig. 3a). Results showed that ϕ increased with time, which was 
represented in a reduction of fluorescence intensity on the bead surface (contours of Fig. 3b-d). When proximal 
embolisation was achieved (i.e. bead partially exposed to fluid flowing from the feeding channel, Fig. 2e1) a 
significant amount of drug was eluted within three hours from embolisation. Additionally, ϕ was observed to 
increase by increasing Re from 71.28 to 213.84, likely due to increased advection phenomena (Fig. 3a). 
However, increasing Re above 213.84 resulted in a counter-intuitive reduction in the amount of eluted drug after 
three hours (Fig. 3a). This observation was likely due to the correlation between drug content and bead 
mechanical properties (i.e. compressibility). With this respect, drug elution resulted in reduced drug content and, 
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in turn, increased bead compressibility likely due to water uptake. To demonstrate this hypothesis, bead surface 
was divided in two regions, namely an advection-dominated surface (A) exposed to fluid flow from the feeding 
channel, and a diffusion-dominated surface towards the embolised channel (D) (Fig. 3e-f). The time evolution of 
the ratio α = A/D was quantified (Fig. 3g) and displayed a marked reduction with increasing Re; which resulted 
from bead penetrating more distally as a consequence of drug elution. This corroborates with the observed 
Re-dependence of drug elution kinetics profiles. Conversely, distal embolisation (Fig. 2e2) provided a more 
sustained and durable release (data not shown), and bead position remained substantially unvaried during the 
elution process. 

 
Figure 3. (a) Time evolution of fractional eluted drug (ϕ) at different Re. (b-d) Fluorescence intensity contours 
after 180 min from embolisation, at Re = 71.28 (b), 142.56 (c) and 213.84 (d). (e-f) Schematic depiction of the 
time evolution of bead surface area as a consequence of drug elution. (g) Time evolution of α=A/D at different 

Re. Values are normalized with respect to α(t0)= α0. 
 

Interestingly, the dynamics of the drug elution process from the bead was observed to strongly depend on the 
spatial location of the occlusion site. Whilst for proximal embolisation the elution process was observed to be 
uniform within the whole bead, distal embolisation was instead characterised by a markedly inhomogeneous 
elution process (Fig. 4a-c). Fig. 4b clearly shows a decrease of fluorescence intensity level on the bead portion 
facing the feeding channel, while it decreased to a lower extent in the other areas of the bead. Flow visualisation 
experiments (Fig. 4d) revealed the formation of laminar vortices in close proximity to distal beads, which may 
cause enhanced elution of drug from the bead surface exposed to the vortex (i.e. vortex-enhanced elution). This 
may have relevant implications on the spatial distribution of drug within microvascular networks. 

 
Figure 4. (a-b) Fluorescence intensity contours at t=t0 (a) and t=18 hours (b). (c) Bright field image of single 

distal bead at t=18 hours. (d) Microscope image of fluorescent particles during flow visualisation experiments. 
 

CONCLUSION 
The developed microfluidic device, coupled with non-invasive fluorescence-based analysis techniques, 

allowed for obtaining unique insights into the dynamics of drug elution from embolic beads under biomimetic 
fluidic conditions and, particularly, for investigating the influence of bead location on the drug elution process.    
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ABSTRACT 
    A miniaturized solid phase peptide synthesis (SPPS) system aiming novel programmable biosensor is developed. 
This SPPS system can synthesize various oligopeptide probes. Oligopeptides synthesized on single bead trapped at 
the center of microchannel using vacuum pump. After probe synthesis, sample solution containing fluorescence 
labeled bio-molecule added to the beads and interacts with synthesized probe molecules. Some bio-molecules bound 
with these probes and confirm their attachment through fluorescence. Different probe sequences have different 
binding affinity towards biomolecules specifically. Hence, this system is expected to realize a bio-sensing chip 
which can flexibly change target molecule on-demand and on-site by changing oligopeptide sequence. 
 
KEYWORDS 
Programmable system, oligopeptide probe, SPPS, single bead. 
 
INTRODUCTION 
    There has been a tremendous demand of modern technique that has great potential for on-site diagnosis of 
various analysts. In this context, biosensors have the potential benefits of miniaturization, automation, integration, 
simplicity, high sensitivity and potential ability for real time and ability to make analysis possible in cases where time 
and place cannot be selected i.e., on-site analysis.[1,2] But, most of conventional biosensor like immunosensor can’t 
change target molecule on-site and on-demand because probes were prepared for specific target molecules.[3] So it 
has become necessary attempt to develop further flexible and highly versatile microchip based system to deal with 
unexpected hazards and other malfunctions. Here, we proposed a concept of 'Programmable biosensor’, which can 
flexibly change the target molecule by changing the sequence of biologically active peptide probe molecule on chip. 
Figure 1 shows the schematic of proposed programmable bio-sensing system. 
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Figure 1. Demonstration of programmable biosensor. 

 
    This miniaturized system consists of fluidic controlled single bead peptide synthesizer, fluorescence detecting 
microscope and computer. In case of unexpected hazards, users can download on-demand sequencing of peptide 
probe for the hazard from database via network. Miniaturized peptide synthesizer system customizes the sensor 
module to be ready for diagnosis of the hazard on-site. Oligopeptide probe was synthesized on a single bead trapped 
at the center of micro channel. The purpose of using chip with a single bead control was designed to synthesize 
probe with high purity, easy handling and stable immobilization of bead on to the micro-scale solid phase holder. 
    In this work, three different tetrapeptide sequences (I) Arg-His-Lys-Ser (AHLS), (II) Asp-Glu-Asp-Glu 
(AGAG) containing hydrophilic amino acids and (III) Leu-Ala-Gly-Val (LAGV) containing hydrophobic amino 
acids respectively, were synthesized on single resin bead using SPPS. Probe synthesized on bead was analyzed by 
protein sequencer based on Edman degradation method. Then, synthesized probes were demonstrated against 
fluorescence labeled target analyte, a sample solution containing YOYO 1 labeled T4 DNA molecule will flow 
through the channel and target analyte will bind with synthesized probe. The probe: target binding confirms through 
the fluorescence microscope. The function that probe molecule carried out is dependent on the type of amino acids 
involved in the sequence. Hence, as a small step in the area of universal diagnostic devices, we demonstrated the 
specific binding of oligopeptide probes with the Target T4 DNA molecule. In this system, we can flexible and 
successfully change the target molecule by changing the oligopeptide probe sequence on chip. 
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EXPERIMENT 
    Fabrication of PDMS chip was done by soft prototyping method.[4] For small chain peptide (oligopeptide 
probe) synthesis, an F-moc protecting strategy was applied to on-chip SPPS.[5] Peptide chain elongation was carried 
out as circulatory reaction which comprised deprotection, activation, coupling and washing in each cycle (figure 2). 
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Figure 2. Scheme of SPPS using F-moc protecting amino acids. 

 
    It started with swelling resin bead by suspending in DMF for 3 min in a small eppendorf tube. Load a single 
bead and cover the reaction chamber by a piece of PDMS for regular flow through the channel and also prevention 
of evaporation of solutions. 
    Bead was first rinsed by DMF. An F-moc protected amine group of the resin was deprotected by 20% piperidine. 
After deprotection, residual reagent was removed by DMF washing. The first F-moc protected amino acid 
(Fmoc-Val-OH) and PyBOP pre-dissolved in 20 µL coupling reagent 1 (0.1M HOBt) and 15 µL coupling reagent 2 
(0.5M NMM) were injected into the chip. After the coupling reaction, washing step was repeated. Then another 
deprotection procedure was carried out to initiate a new cycle. When the peptide elongation was completed, final 
deprotection step was carried out by deprotection reagent followed by washing with the DMF. 
 

Washing with
buffer

PDMS piece

PDMS chip

Beads are sucked 
by vacuum pump

Beads immobilized with 
hydrophilic peptide (I/II) 

DNA molecule attached via 
electrostatic attractions to peptides

Sample/ buffer

Addition of
Sample molecule Washing with

buffer

T4 DNA molecule

Beads immobilized with 
hydrophobic peptide (III)

Beads observed under 
fluorescence microscope  

 
Figure 3. Experimental set up for peptide: DNA interaction. 

 
    Using fabricated miniaturized SPPS system as Biosensor, on-chip oligopeptide-DNA interaction was performed. 
Three divergent oligopeptide sequences (I), (II) and (III) were used for binding. Beads immobilized with 
oligopeptides were fixed on PDMS chip as shown in figure 3 by vacuum pump and washed by 0.5×TBE buffer 
solution to remove any contaminations attached. Then 20 µl of YOYO1/T4 DNA solutions was added and again 
washed with buffer solution.[6] After washing, the resulting beads were observed under a fluorescence microscope. 
We repeat this cycle again for more interaction with the DNA molecule. 
 
RESULTS AND DISCUSSION 
    Synthesized tetrapeptide sequence (Leu-Ala-Gly-Val) was analyzed on bead by protein sequencer and 
successfully obtained chromatograms with 90% yield (figure 4). 
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Figure 4. Chromatogram of Leu-Ala-Gly-Val (LAGV) with 90% yield. 
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    After probe synthesis, on-bead analyte:target binding experiment was performed to evaluate the affinity of 
synthesized peptide probe towards DNA. Microscopy technique has been employed to detect the fluorescence image 
of beads. 
    Figure 5 shows typical fluorescence images of microchip containing beads after peptide interaction with T4 
DNA solution. 
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   Figure 5. Fluorescence images of beads immobilized with the peptide. 

 
    Tetrapeptide probes were used to check the affinity, based on the charge possessed by side chain of amino acids. 
Hydrophilic sequence I contain amino acids with positive charged side chain, II contain amino acids with negative 
charged side chain and hydrophobic sequence III contains amino acids with electrically neutral side chain. 
    Fluorescent intensity graph (figure 6) shows the different affinity of probes toward target molecule. Linear 
increase in fluorescent intensity in case of peptide sequence I and II clearly shows the strong adsorption due to 
electrostatic interaction between T4 DNA molecule and peptide containing amino acids with (+/-) charged side chain 
respectively. While there is a strong fluctuation in fluorescent intensity in case of peptide sequence III, due to weak 
binding between T4 DNA and hydrophobic peptide. Hence hydrophilic peptide sequences I/II and YOYO1 labeled 
T4 DNA molecule interactions shows the specific binding of the specific sequence with the target molecule. 
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   Figure 6. Fluorescent intensity graph from peptide:T4 DNA binding. 

 
CONCLUSION 

    A novel concept involving µ-TAS incorporating miniaturized SPPS system which can synthesize different 
peptide sequence on chip was developed. The analysis system performed two processes on a microchip: solid phase 
peptide probe synthesis and demonstrate binding with the target analyte. These processes were integrated onto the 
microchip successfully. With slight modification of the probe molecule, the same chip design can be used for 
multi-target detection and can provide a simple, cost-effective and integrated microchip solution for target detecting 
applications. Hence, we developed a programmable biosensor which can change the target molecule by changing the 
sequence of probes on to the chip. 
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ACCELERATE SEPSIS DIAGNOSIS BY SEAMLESS INTEGRATION OF 
DNA PURIFICATION AND QPCR 

Bang-Ning Hsu1, Andrew C. Madison1, and Richard B. Fair1 
1Department of Electrical and Computer Engineering, Duke University, USA 

 
ABSTRACT 

The high mortality rate of sepsis has been attributed to delayed pathogen identification. Hence, a fluidic device is 
being developed to accelerate the procedures from DNA purification to qPCR sequence detection. Demonstrated 
herein is the key feature the device: the use of EWD droplet actuation to manipulate the eluent generated by an 
immiscible phase filtration DNA preprocessor. Among other benefits, EWD actuation enables the eluent to be 
compartmentalized into several microdrops for subsequent automated PCR mixture preparation and multiplex 
sequence detection. Also discussed are the characterization of purification power, and the fabrication of the high 
temperature tolerance plastic top plate.!
 
KEYWORDS 
Digital microfluidics, immiscible phase filtration, nucleic acid purification, sample preparation, PCR inhibitor 
 
INTRODUCTION 

Septic shock is a severe form of bloodstream infections. Without effective antimicrobial therapy, mortality rate 
reaches 58% within five hours after the onset of hypotension [1]. In contrast, SeptiFast, a commercial multiplex 
sparse pathogen detection assay involving DNA purification followed by qPCR sequence detection, requires three 
hours of operator time and six hours of total run time [2]. 

To address the above discrepancy, a temperature zone PCR device augmented with a DNA preprocessor is being 
developed. The preprocessor utilizes the high interfacial tension between a lysate and an immiscible phase to 
minimize the carryover of PCR inhibitors when DNA-bound magnetic silica beads are snapped from a lysate    
(Fig. 1a) [3]. Next, by dispersing the beads in wash buffers, PCR inhibitors in the carryover are digested or diluted. 
Later, after DNA is released from the beads to the elution buffer, DNA-containing eluent microdrops are generated 
and then mixed with PCR reagents using electrowetting-on-dielectric (EWD) actuation. Afterwards, rather than 
thermocycling the entire device, PCR can be executed by shuttling the resulting microdrops between 60 °C and 
95 °C zones (Fig. 2a) [4]. Compared with benchtop assays, this approach aims to (a) reduce operator involvement by 
automating DNA purification and PCR mixture preparation, and (b) minimize PCR time by maximizing the 
temperature ramping rate. 

Although a similar concept has been demonstrated [4], its droplet actuation mechanism requires magnetic beads 
to remain in a single droplet. Thus, the reported device is limited to performing a single PCR reaction. Further, the 
presence of beads in PCR mixtures is observed to reduce the amplification efficiency by 50% [5]. We assert that 
these two flaws are solved in this study by the use of EWD droplet actuation in the qPCR subsystem. 
 

 
Figure 1. (a) Schematic of an immiscible phase filtration DNA preprocessor, top-down view. DNA is purified from a 
lysate as magnetic beads are transported through the preprocessor. (b) The sequence of micrographs shows that 
after wash 1 the beads were snapped from wash buffer 1 to the immiscible phase. 
 

 
Figure 2. (a) Floor plan. Dotted line: DNA-carrying beads are transported through the preprocessor by an external 
magnet. Dashed line: microdrops are transported by EWD actuation. To perform PCR, an eluent microdrop mixed 
with PCR reagents is shuttled between the two temperature zones. (b) Device structure. 
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EXPERIMENTAL 
Device: The structure and the floor plan of the device are shown in Fig. 2. There are two improvements over 

typical digital microfluidic devices. First, compared with SU-8 gaskets, the laser-patterned SecureSeal gasket halves 
the fabrication time and provides an optimal confinement of reagents in their respective reservoirs. 

Second, the ITO/PEDOT:PSS/acrylic top plate has been tested to withstand > 100 °C, which is sufficient for the 
95 °C denaturing step in PCR. In contrast, since the mismatch of thermal expansion coefficients causes the ITO 
grounding electrode to crack, an ITO/acrylic top plate can only withstand < 60 °C. Although PEDOT:PSS does not 
prevent the ITO from cracking, after 100 °C baking the sheet resistance remains unchanged at 3 ohm/sq. Further, 
after baking the assembled devices that are loaded with the reagents at 95 °C, EWD droplet actuation is observed to 
function normally. Notably, oxygen plasma ashing of the acrylic immediately prior to the spin coating of 
PEDOT:PSS is found to be essential to the enhancement of temperature tolerance. The behavior might be related to 
the hydrophilicity of PEDOT:PSS. Lastly, PEDOT:PSS/acrylic and ITO/glass top plates are not currently employed 
because for the former, it seems preferable to avoid the contact of water-soluble PEDOT:PSS with aqueous reagents; 
for the latter, it is difficult to pattern the pipette ports on glass substrates. 

Operation: (1) DNA binding, reagent loading: Following a modified NucliSENS miniMAG protocol, 160 bp 
synthetic DNA or HeLa gDNA is bound to the magnetic silica beads. Then, via the pipette ports on the top plate, the 
following reagents are loaded into their respective reservoirs: 4 !l beads suspended in the lysis buffer, 8 !l wash 
buffer 1 ~ 3, 1 !l elution buffer, and 5 cS silicone oil. 

(2) Immiscible phase filtration, wash: Actuated by an external magnet, the beads are snapped out of the lysis 
buffer to the immiscible phase. During snapping, the bead pellet is encapsulated by the carryover (Fig. 1b.) Because 
it is energetically unfavorable for aqueous contaminants to enter the immiscible phase, the volume of the carryover 
is limited. In this simplified case, the primary PCR inhibitor in the carryover is the GuSCN chaotropic salt that exists 
in the lysis buffer and wash buffer 1 (Fig. 4a.) Later, by dispersing the beads in the three wash buffers, PCR 
inhibitors in the carryover are digested or diluted. 

(3) Elution: After the three washes, DNA-carrying beads are transported to the dual function reservoir. Here, 
because of the low ionic strength, DNA is released from the beads to the elution buffer. After the 60 °C 5 min 
elution step, the beads are transported away from the dual function reservoir to prevent the beads from lowering the 
PCR amplification efficiency. In particular, the dual function reservoir is the interface between the DNA 
preprocessor and the qPCR subsystem. Specifically, it is the last stage of the DNA preprocessor (stores the elution 
buffer) and the first stage of the qPCR subsystem (compartmentalizes the eluent into microdrops.) 

(4) Analysis: After elution, eluent microdrops can be dispensed from the dual function reservoir using EWD 
actuation for subsequent on-chip qPCR. Additionally, the droplets can be pipetted out of the fluidic device for offline 
qPCR, PicoGreen dsDNA quantification, and NanoDrop absorbance measurements. 
 
RESULTS AND DISCUSSION 

Purification power: During standard benchtop purification, PCR inhibitors are typically diluted by milliliters of 
wash buffers. In contrast, to lower the concentrations of PCR inhibitors in eluent droplets, the DNA preprocessor in 
our work primarily relies on minimizing the carryover volume. To evaluate the effectiveness of different purification 
methods, their purification powers (PP) can be compared. 

Defined as (inhibitor concentration inputted to preprocessor) / (inhibitor concentration outputted by preprocessor), 
PP can be estimated by taking advantage of the GuSCN that already exists in the lysis buffer and wash buffer 1. 
Between the two buffers, wash buffer 1 is encountered later in the purification process, and at 5 M its GuSCN is 
relatively concentrated. Hence, Cinhibitor,in = 5 M is assumed. Further, qPCR is determined to suffer from delayed 
threshold cycles at GuSCN > 25 mM in reaction mixtures. Also, the dilution incurred by offline qPCR in this case is 
5x. Thus, because qPCR of the eluent generated by the preprocessor does not feature delayed threshold cycles, 
Cinhibitor,out might be conservatively approximated at 25 mM x 5 = 125 mM. Therefore, PP = 5 M / 125 mM = 40. 

Note that, because of the constraint of the employed technique (GuSCN < 25 mM does not further lower the 
threshold cycle), 40x represents an estimated lower bound of PP. As a comparison, simulated purifications 
conducted on preprocessors of a different design indicate that an optimized system (DNA preprocessor and 
purification chemistry) can deliver a PP of 102 - 103x per wash. 
 

 
Figure 3. In this series of micrographs, an eluent droplet is dispensed from the dual function reservoir with a 
minimum amount of residual beads. 
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DNA preprocessor, EWD subsystem integration: After elution, qPCR sequence detection can be initiated by 
mixing each eluent droplet generated from the dual function reservoir with a different primers/probe droplet. Hence, 
in addition to having several sets of primers/probe in a droplet, multiplex detection can also be achieved by 
performing qPCR concurrently on several droplets. 

In contrast, in a previous platform that involves a similar preprocessor, the reaction mixture undergoing 
temperature zone PCR is actuated via the magnetic beads that remain in the eluent after elution [4]. Yet, the presence 
of beads in reaction mixtures has been reported to reduce the amplification efficiency by 50% [5]. More importantly, 
since the platform is incapable of compartmentalizing the eluent into droplets, it seems that the entire eluent has to 
be subjected to the same PCR reaction. Consequently, the degree of multiplexing that could be attained is limited. 

Highlighted in the above discussion is a key feature of our purification-to-quantification device: the superior 
parallel detection capability provided by using EWD actuation to manipulate the eluent (compartmentalize, transport, 
and then mix with PCR reagents) generated by the DNA preprocessor. Here, multiplexing is indispensable because 
there are > 20 pathogens that can lead to sepsis [2]. 

To verify the feasibility of the outlined approach, the integration of the DNA preprocessor with a downstream 
EWD subsystem has been demonstrated. Specifically, it is shown that: (1) After on-chip purification, eluent droplets 
can be dispensed from the dual function reservoir with a minimum amount of residual beads (Fig. 3.) (2) Relative to 
the concentration before binding, dsDNA in the eluent droplets is 13x more concentrated (Fig. 4b.) This enrichment 
of DNA is accomplished by minimizing the eluent volume. Crucially, the enrichment improves the detection limit, 
which is vital to the sensing of sparse pathogens. Lastly, the demonstration also showcased the idea of utilizing a 
reservoir as a bidirectional bridge between monolithically integrated EWD and non-EWD based fluidic subsystems. 
 

 
Figure 4. (a) Top-down view of the device, cf. Fig. 2a. After 60 °C elution, the GuSCN salt in lysis buffer and wash 
buffer 1 precipitated near the pipette ports. (b) dsDNA in the eluent droplets is determined by PicoGreen to be 2.5 ± 
1.1 ng/!l (95% CI, n = 3.) In the control experiments, no DNA is added during the binding step. 
 
CONCLUSION 

Results from the initial development of a purification-to-quantification fluidic device are presented. In particular, 
a key feature of the device is demonstrated: the use of EWD droplet actuation to manipulate the eluent generated by 
an immiscible phase filtration DNA preprocessor. Compared with previous implementations, the feature will allow 
the concurrent quantification of more pathogen types. Also, relative to the concentration before binding, dsDNA in 
the eluent droplets is enriched by 13x. Thus, the detection limit is correspondingly improved. Furthermore, the 
purification power is currently estimated at > 40x, and it is feasible to achieve 103x per wash. Lastly, the 
ITO/PEDOT:PSS/acrylic top plate is developed to withstand > 100 °C. Later on, improved automation and 
sample-to-answer time would be brought by the inclusion of on-chip heaters and photodetectors.!
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A HIGH-SPEED HIGH-PERFORMANCE
FULLY INTEGRATED RT-PCR MICROCHIP

Nari Han, Ki-Ho Han
Inje University, South Korea 

ABSTRACT
This paper presents a fully integrated RT-PCR microchip, including genetic functionalities of mRNA extraction, 

cDNA synthesis, and DNA amplification. By using lateral magnetophoresis and magnetic oligo-dT beads, mRNA 
from blood lysate was extracted within 1 min. In an on-chip integrated DNA microchamber, cDNA was synthesized 
with the extracted mRNA with an external thermal control system and target genes were then amplified. By detection 
of human housekeeping genes of β-actin and GAPDH, feasibility of the RT-PCR microchip was verified. 
Furthermore, sensitivity of the RT-PCR microchip was evaluated by reducing down blood volume of 100 to 0.1 μl 
 
KEYWORDS
cDNA synthesis, Lateral magnetophoresis, Magnetic oligo-dT beads, RNA extraction, RT-PCR microchip. 

 
INTRODUCTION

Extraction of high-quality RNA from crude biological sample is critical to obtain accurate RT-PCR performance. 
Because RNA is however readily destroyed by ubiquitous RNases, it is difficult to extract high-quality RNA without 
contamination and degradation by RNases. To solve the problem, our group previously reported a reverse 
transcription (RT)-microchip [1], which was realized with the high-speed mRNA microextraction method [2] and the 
DNA microchamber. Whole RT-PCR process with the RT-PCR microchip has been accomplished by using a 
commercially available PCR machine for DNA amplification. As an advanced form, this paper introduces a fully 
integrated RT-PCR microchip, which can perform the whole RT-PCR process such as mRNA extraction, cDNA 
synthesis, and DNA amplification in a single microchip (Figure 1). 
 
EXPERIMENT 

The RT-PCR microchip was fabricated by a bottom glass, with an inlaid ferromagnetic wire array, and a top 
PDMS replica, formed the microchannel and DNA microchamber (Figure 2). The ferromagnetic permalloy (NiFe) 
wires were electroplated onto the glass substrate evaporating Ti/Cu/Cr seed layer. The SU-8 mold was then 
fabricated using a lithographic technique. PDMS prepolymer and a curing agent were thoroughly mixed at 10:1. The 
mixture was then poured on the SU-8 mold and cured at 85℃ for 40min. After curing, PDMS replica was peeled 
from the SU-8 mold. Before bonding the PDMS replica and the glass substrate, input and output access ports were 
punched in the replica. The PDMS replica was then attached to the bottom glass via plasma bonding using a Tesla 
coil. It consists of three inlets (sample, buffer, and reagent), two outlets (waste, DNA), RNA extraction microchannel 
containing inlaid ferromagnetic wire array, and the DNA microchamber, as shown in Figure 3(A). When an external 
magnetic field was applied, the magnetic oligo-dT beads with bound mRNA were laterally drawn along the 
ferromagnetic wires (Figure 3(B)) and flowed into the DNA microchamber (Figure 3(C)). 
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Figure 1. Architecture of the RT-PCR microchip, including the RNA microextractor and the DNA microchamber 
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The overall mRNA extraction procedure completed just within 1 min, which is compared with approximately 1 h 
of conventional methods. After RT-PCR reagent is injected through the reagent inlet, the extracted mRNA binding on 
the magnetic beads was synthesized to cDNA in the DNA microchamber. The target genes were then amplified in the 
DNA microchamber. 

 
RESULTS AND DISCUSSION

To verify the feasibility of the present RT-PCR microchip, human housekeeping genes of β-actin (Figure 4(A)) 
and GAPDH (Figure 4(B)) were amplified using blood lysate. Its sensitivity was also evaluated by detecting human 
β-actin with reduced blood volume. The experimental results showed that the present RT-PCR microchip can be used 
to successfully detect the β-actin gene from just a 0.1-μl blood volume (Figure 5). It explains that the proposed 
RT-PCR method using the RT-PCR microchip is much higher sensitive than conventional methods using the silica 
column matrix and the magnetic oligo-dT beads [1]. The proposed RT-PCR method has also advantages such as 
minimizing usage of reagent volume and reducing process time of the whole RT-PCR (Table 1). Consequently, by 
using the RT-PCR microchip, the whole RT-PCR process (involving mRNA extraction, cDNA synthesis, and DNA 
amplification) could be done in easy and fast without exposure of RNA to the environment, thereby achieving highly 
sensitive genetic assays. As future works, through an integration with the following genetic analysis functionality 
(e.g. capillary electrophoresis), the present RT-PCR microchip could be fully automated, thereby leading a global 
standardization in genetic analysis. 
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Figure 2. The fabrication process of the RT-PCR microchip 
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Figure 3. Photomicrographs of (A) the fabricated RT-PCR microchip; (B) and (C) the enlarged microchannel 
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Table 1. Comparison of process times for RT-PCR procedures based on the silica matrix column (written as 
“Column”), magnetic oligo-dT beads (“Bead”), and “RT-PCR microchip” methods 
 

Product Protocol of RT-PCR 
Conventional Methods Proposed Method 

Column Bead RT-PCR Microchip 

Blood 
Lysate 

RBC Lysis 40 min 10 min - 
WBC Lysis 1 min  1 min 1 min 
Homogenize 5 min - - 

RNA 
Extraction 

Preparation of Beads - 3 min 3 min 
RNA Binding - 5 min 5 min 

RNA Extraction 10 min 20 min < 1 min 
Elution 3 min - - 

Total Time for RNA Extraction 59 min 39 min < 10 min 
cDNA cDNA Synthesis 1 h 1 h 1 h 
PCR DNA Amplification 1 h 30 min 1 h 30 min 1 h 30 min 

Total Time for RT-PCR Process 3 h 21 min 3 h 9 min < 2 h 40 min 
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Figure 4. Gel electrophoresis photograph of (A) β–actin gene (244 bp) and (B) GAPDH gene (250 bp) 
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Figure 5. Gel electrophoresis photograph of β–actin gene (244 bp) at various blood volumes of 100 to 0.1 μl 
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INTEGRATED MICROFLUIDIC HUB FOR AUTOMATED PREPRATION 
OF DNA LIBRARIES FOR PERSONALIZED SEQUENCING SYSTEMS
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and Kamlesh D. Patel2
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ABSTRACT
While DNA sequencing technology is advancing at an unprecedented rate, sample preparation technology still relies 

primarily on manual bench-top processes, which often can be slow, labor-intensive, inefficient, or inconsistent. To 
address these disadvantages, we developed an integrated microfluidic platform for automated preparation of DNA 
libraries for next generation sequencing. This sample-to-answer system has great potential for rapid characterization of 
novel and emerging pathogens from clinical samples.

KEYWORDS
Digital microfluidics, capillary interface, sample preparation, DNA sequencing

INTRODUCTION
DNA sequencing has emerged as an important technique for enabling scientists to generate and use genetic 

information for applications in forensics, medicine and pharmaceutical research [1]. With the advancement and 
personalization of whole genome sequencing, there is a critical need for automating protocols for DNA preparation prior 
to analysis. We recently developed a novel integrated sample preparation system for robustly interconverting liquid 
samples between continuous-flow and discretized droplet formats for sample-to-answer functionality [2,3]. The central 
feature of our technology is the digital microfluidic (DMF) platform which functions as a central hub for distributing 
and routing samples and reagents. In DMF, discrete droplets are controlled (i.e., moved, merged, mixed, and dispensed 
from reservoirs) by applying a series of electrical potentials to an array of electrodes coated with a hydrophobic 
insulator [4]. We report here for the first time the successful application of our integrated platform to automate the 
Nextera™ DNA library preparation protocol for downstream sequencing with Illumina’s MiSEQ® personalized sequencer. 
Relative to conventional manual methods, the new system can execute this protocol in less than two hours, reduce sample 
and reagents by 10-fold, and integrate quantitative library validation methods.

EXPERIMENTAL
DMF devices were fabricated in the Sandia National Laboratories Applied Biosystems cleanroom facility as 

described in detail elsewhere [2].
For DNA size analysis, Agilent 2100 Bioanalyzer System (Santa Clara, CA) was used with a high-sensitivity DNA kit.

For DNA quantification, quantitative PCR based Kapa library kit (KAPA Biosystems, Woburn, MA) was used.

RESULTS AND DISCUSSION
As shown in Figure 1a-c, the central feature of our system is the digital microfluidic (DMF) platform which functions 

as a central hub for distributing and routing samples and reagents. 

Figure 1: (a) Schematic showing the concept of the central DMF Hub architecture with external processing modules
connected together through the capillary-droplet interface. (b) A series of micrographs showing a droplet being 
dispensed from an in-plane capillary to the DMF platform, actuated to a second position, and aspirated from the device 
demonstrating the clean transfer of a small (~2 uL) fluid bolus from one module to another. (c) Picture of the setup used 
to perform the automated Nextera™ DNA library preparation with required reagents and processing modules.

(b)

(a) (c)
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In DMF, discrete microliter-size droplets are controlled (i.e., moved, merged, mixed, and dispensed from reservoirs) 
by applying a series of electrical potentials to an array of patterned electrodes coated with a hydrophobic insulator. 
Another crucial feature of the technology is the integration of multiple microchannel-based sample processing modules 
for enzyme reactions, bead-based purification, amplification and size-selection through an in-plane capillary-droplet 
interface. Using this platform, we have automated all the steps required for the Nextera™ transposase enzyme library 
preparation method, which simultaneously fragments the DNA and adds the appropriate priming adapters and barcodes 
to the fragment.  Figure 2a shows the four protocol steps adapted to the platform to format the DNA for the sequencer,
shows the resulting benchtop electrophoreograms for each step (Figure 2b), and illustrates the processing of the DNA 
fragments through each step (Figure 2c).  The performance of our system was similar to manual benchtop approaches 
with 4-fold decrease in time and one-tenth of the amount of reagents and DNA required. Figure 2d shows an overview 
schematic and the series of micrograph that captures the execution of the Nextera protocol on our platform. Comparison 
of performance of sequencing results for the full genome coverage for E. coli showed no particular biasing and average of 
50X coverage (data not shown) with an expected GC content and reads mapped to the reference genome.

Figure 2: (a) The four required steps for processing DNA for end-to-end library preparation.  Starting amount of 
material on the DMF platform is only 5 ng of starting DNA amount (~1/10 of bench top amount). (b and c) corresponding
benchtop bioanalyzer traces and schematic for the sample DNA at each step of the process. (d) Series of micrographs 
showing fragmentation, magnetic bead clean-up, library enrichment (PCR), and size-selection steps.  The library was 
validated on a MiSEQ sequencer.

CONCLUSIONS
In conclusion, we report a novel method for automating the Nextera™ DNA library preparation protocol for 

downstream sequencing and analysis. We propose that this technique can mature to a complete, easily configurable, 
sample-to-answer system that can aid in the rapid characterization of novel and emerging pathogens from clinical 
samples. 

(b) (d)

(c)

(a)
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HUMAN BODY HEAT ENERGY HARVESTING USING 
FLEXIBLE THERMOELECTRIC GENERATOR 

FOR AUTONOMOUS MICROSYSTEMS
Sung-Eun Jo1, Myoung-Soo Kim1, Min-Ki Kim1, Hong-Lae Kim1, and Yong-Jun Kim1

1School of Mechanical Engineering, Yonsei University, Republic of Korea 

ABSTRACT
    This paper reports on a thermoelectric generator (TEG) used for converting human body heat energy to 
electrical energy. The proposed TEG was composed of a polydimethylsiloxane (PDMS) substrate and thermocouples. 
The use of PDMS provides flexibility to the TEG and low thermal conductivity that helps minimize losses in the 
effective heat flowing through the thermocouples. The proposed TEG was fabricated by simple dispenser printing 
for thermoelectric materials. The fabricated TEG was attached to the human body and generated electrical power of 
50 nW when the temperature difference between the human body and ambient air was 7 ◦C. 
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INTRODUCTION

Energy harvesting gives the possibility to build autonomous microsystems. Especially, energy harvesting would 
be ideal for implantable microsystems because it can supply the electrical energy without replacement of the battery 
[1]. Among various energy harvesting methods, thermoelectric energy harvesting on human body has advantages 
that human body heat is steady and large [2]. However, from the viewpoint of the curvature of the human body, 
typical TEGs may be not suitable for applying to human body because most typical TEGs are composed of 
thermocouples on a rigid substrate. On the other hand, flexible TEGs transduce the human body heat efficiently 
since the flexible TEGs can be tightly attached on the skin [3]. Although several studies have implemented flexible 
TEGs, the techniques required a complicated and precise photolithography fabrication process [4, 5]. In this paper, a 
TEG which comprises PDMS and thermoelectric materials is proposed. The proposed harvester was highly flexible 
through the PDMS structure and was simply fabricated by dispenser printing technology.  

 

 
 

Figure 1: (A)An implanted device and a flexible TEG, (B)Schematic view of the proposed TEG 
 

DESIGN AND FABRICATION
A schematic of the proposed TEG is shown figure 1. This TEG comprises thick PDMS film that includes 

thermocouples. PDMS is a flexible polymer with a low thermal conductivity. Thus, the use of PDMS reduces 
thermal losses of effective heat flow that flows through the thermoelectric material. The thermocouples are 
composed of series connections between N-type and P-type thermoelectric materials. This series connection defines 
hot and cold junction. The defined hot junction is exposed to higher temperature, and the defined cold junction is 
exposed to lower temperature. When heat is applied to hot junctions, electrical potential is generated by Seebeck 
effect. The generated voltage is proportional to the temperature difference between the hot and cold junctions of the 
thermocouples as follows: 

∆𝑉 = 𝑛 × 𝑆 × ∆𝑇  (1) 
where ∆𝑉 is the generated voltage (V), 𝑛 is the number of thermocouples, 𝑆 is the Seebeck coefficient of the 
thermoelectric materials (V K−1) and ∆𝑇 is the temperature difference between the hot and cold junctions ( ◦C). 
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Figure 2A shows the fabrication process of the proposed TEG. A PDMS film with holes was formed on the 
poly(methyl methacrylate) (PMMA) mold. The PDMS film was released and the holes were filled with the mixtures 
of Bi2Te3 nano-powder and polymer binder by dispenser printing. After curing the thermoelectric materials, flexible 
printed circuit boards (FPCB) were attached on top and bottom of the TEG for interconnects. The fabricated TEG 
had 4 hot and cold junctions in a 25 mm × 50 mm area, respectively. The fabricated TEG is shown in figure 2B.  

 

 
 

Figure 2. (A)Fabrication process, (B)The fabricated TEG 
 

EXPERIMENT 

The fabricated TEG was evaluated by the experimental setup shown figure 3. The experimental setup was 
composed of a heating unit and cooling unit. A DC power supply unit provided constant and regulated electrical 
power to the heating unit. In order to measure the temperature difference between the heating unit and cooling unit, 
thermocouple temperature sensors was attached on the each unit surface. The output signal of the fabricated TEG 
was measured by an oscilloscope, a microammeter. The electrical characteristic of the TEG was also measured by a 
RLC meter. 

 
 

Figure 3. Experimental setup 
 

RESULT AND DISCUSSION 

Figure 4 shows the temperature difference as a function of the temperature of the heat source when the ambient 
temperature was 25 ◦C. It was possible to retain the temperature difference between top and bottom layer (ΔT) 
when the heat source temperature was close to the human body temperature.  

 
 

Figure 4. Temperature differences between top and bottom layer of the TEG as a function of the heat source 
temperature(ΔT) 
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Fig.5A and 5B show the measured output voltage, current and output power of the TEG as a function of ΔT, 
respectively. The TEG generated voltage at various temperature ranges with the average output voltage, 10.25 μVK−1 
per thermocouple. When the temperature difference, ΔT, linearly increased the output power of the TEG increased.  

 
 

Figure 5.  (A)Output voltage and current, (B)Output power as a function of top-bottom temperature difference 
 
The fabricated TEG was finally attached on the human body. The ambient temperature and body temperature 

were measured by precision temperature sensor. It was confirmed that the skin temperature was constant at 32.5 ◦C 
although the fabricated TEG was attached on the skin. When the temperature difference between ambient and body 
was 7 ◦C, the output voltage and current of the attached TEG was 5 mV and 10 μA. The output power was 50 nW 
and it was very small value, but the TEG generated output voltage continuously with movement of the body.  

As stated earlier, the output power of TEG is proportional to the number of thermocouples, Seebeck coefficient 
and the temperature difference between hot and cold junctions. There are several ways to increase the output power 
of TEG such as enhancing of Seebeck coefficient of the thermoelectric materials or improvement of the TEG design. 
First, enhancing of the coefficient is material issue and it is difficult to change the material characteristic. However, 
the temperature difference and the number of thermocouples are relatively easy to change through improvement of 
the device design. In the view point of the design improvement, flexibility of TEG has great advantage because the 
flexible TEG can have large area with many thermocouples. The use of PDMS in this study gave flexibility to TEG 
and the temperature difference between each junction was large due to its low thermal conductivity. Although, the 
generated electrical power of the fabricated TEG on the human body was not large, the TEG showed feasibility of 
converting human body heat to electrical energy.  

 
CONCLUSION 

In this study, a flexible TEG was fabricated and evaluated. The proposed TEG was composed of thermocouples 
and PDMS body. The thermocouples were inserted into the PDMS body by dispenser printing technology. From the 
experimental result, it was shown that the fabricated TEG could generate electrical power when the temperature 
difference between each junction was not large. Finally, the fabricated TEG was attached to human body and it 
showed the feasibility of harvesting human body heat.  
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ABSTRACT 
    Polychlorinated biphenyls (PCBs) are persistent organic pollutants (POPs), which are worldwide problem.  
Analysis of PCBs in oil is generally difficult because there are 209 congeners and similar chemical substances in oil.  
The general analysis methods, which primarily include GC/MS or GC/ECD, are time-consuming and costly.  We 
developed a pretreatment method using a multilayer capillary column and a microfluidic dimethyl sulfoxide 
partitioning for the simple and rapid immunoassay of PCBs in oil.  The microfluidic process time of the column 
and the DMSO partitioning without evaporation, which require in the previous method, was evaluated to be 19 min.  
Our method could measure 0.2 and 0.4 mg/kg PCBs in oil. 
 
KEYWORDS 
Immunoassay, Solvent extraction. Microfluidics, Polychlorinated biphenyls, Two phase 

 
INTRODUCTION 

PCBs are a worldwide problem on account of their toxicity and environmental persistence.  PCBs are 
contaminated into soils, rivers, biological cells, and oils, and so on.  Analysis of PCBs generally uses instruments, 
such as gas chromatography-mass spectrometry or gas chromatography-electron capture detection because PCBs 
have 209 congeners.  Furthermore, there are many interfering substances, whose structures are similar to those of 
PCBs in insulating oil.  Therefore, complex pretreatment for the analysis of PCBs in oil is required.  Although 
these conventional analysis methods are highly sensitive and accurate, they are also time-consuming, expensive, and 
require complex laboratory equipments.  We have previously reported the analysis method using a large-scale 
multilayer column, an evaporator, a centrifuge separator, dimethyl sulfoxide (DMSO) partitioning, and an 
immunoassay.[1]  Microfluidic technologies may make it faster and more economical by reducing the reagent 
amounts and simplifying the chemical processes.  Although we have demonstrated a microfluidic DMSO 
partitioning as a component technology,[2] highly efficient column and highly sensitive immunoassay should be 
developed and the microfluidic device should be improved.  In this paper, we report preliminary experiments of a 
capillary multilayer column, an improved microfluidic DMSO partitioning, and highly sensitive immunoassay for 
achieving of our concept shown in Figure 1.  Oil components other than PCBs are decomposed and separated in the 
column.  Remaining components are cleaned up by the extraction of PCBs into DMSO in the microchip.  The 
PCBs in the eluate from the column are directly extracted into DMSO in the microrecesses without the 
evaporation.[3] 

 
 

 
 

Figure 1.  Concept of the pretreatment using a column and a microchip. 
 
 

EXPERIMENT 
Figure 2 shows a photograph of the multilayer silicagel capillary column, which could reduce the amount of 

reagent required to 1/5 of that required in the previous method.  Anhydrous sodium sulfate, oleum impregnated 
silica gel, and aminopropyl silica gel were packed in a Teflon tube, whose length and diameter were 330 mm and 1.6 
mm.  A 25 μL-aliquot of PCB-contaminated oil was injected and the PCBs were eluted by hexane flowed by 
microsyringe pump.  The microfluidic device for the extraction of PCBs into DMSO was designed and fabricated 
as shown in Figure 3.  1,212 rectangle microrecesses having a length and a width of 520 μm, and a depth of 50 μm 
were fabricated aligned along the main microchannel having a length of 610 mm, a width of 260 μm, and a depth of 
50 μm.  PCB-contaminated oil was prepared by adding the mixture of PCBs (Kanechlor 300, 400, 500, 600, 1:1:1:1 
mixture) to pure insulating oil (Barrel Trans M, Matsumura Oil Co. Ltd.).  PCB immunoassays were performed on 
the KinExA 3000 supplied by Sapidyne Instruments Inc. as described in our previous paper.[2,3]  For the PCB 
immunoassay, two kinds of blocking reagents, bovine serum albumin (BSA) and N101, were used and a monoclonal 
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anti-PCB antibody (K2A) was used. 
 
 

 
 

Figure 2.  Photograph of multilayer capillary column. Figure 3.  Photograph and SEM image of  
 the microchip 
 
 

RESULTS AND DISCUSSIONS 
Table 1 shows recovery rate dependence on the flow volume of hexane as an eluate at 500 μL/min.  The column 

process with a recovery rate of nearly 100% could be completed within 2 min, while 6 min is required in the 
previous method.  The previous column utilizes partial oleum-impregnated silicagel, while the present column 
could utilize almost all by miniaturizing column size.  Further, the highly efficient separation of the interfering 
substances was achieved by miniaturizing column size.  Therefore, rapid decomposition of interfering substances 
was achieved.  The microflow control was demonstrated in the microfluidic device having microrecesses (Figure 4).  
The eluate could be flowed only in the main microchannel, while the DMSO was kept in the microrecesses.  Vortex 
flow was found in the microrecesses by the microscopic observation of fluorescent microparticles.  The vortex can 
rapidly mix the transported PCBs in the microrecesses as described in our previous paper.[2]  After the DMSO 
partitioning, PCBs in the DMSO could be eluted by dissolving DMSO in 1 mL of the buffer solution flow.  
Samples for the immunoassays were prepared by adding phosphate buffered saline, blocking reagent, DMSO, and 
the antibody to obtain total volume of 1.5 mL.  The antibody concentration was 250 pM and the measurement 
solutions were incubated at room temperature for a minimum of 30 min.  Since the total volume of DMSO confined 
in the microrecesses was estimated to be 15 μL, the dilution rate is estimated to be 100. 

 
 

 
 

Figure 4. Fluid motions in the microfluidic device with 
microrecesses.  PCBs were extracted into the DMSO 
confined in the microrecesses, which generated a vortex flow. 

 

 
For highly sensitive immunoassay, a flow-based kinetic exclusion assay [4] was applied and blocking reagents, 

BSA and N101, were examined.  Figure 5 shows standard curves for two kinds of the blocking reagents.  The 
results were fitted with four-parameter logistic equation.  The IC50% values for BSA and N101 were evaluated to 
be 1.0 μg/kg and 0.3 μg/kg, respectively.  The detection limit and dynamic range defined as 30% relative standard 
deviation (RSD) and the region with <10% RSD [5] were evaluated.  Figure 6 shows the precision profiles of the 
standard curves in Figure 5.  The limits of detection of PCBs in aqueous solution for BSA and N101 were evaluated 
to be 89 ng/kg and 31 ng/kg, respectively.  The dynamic ranges for BSA and N101 were evaluated to be 0.38−14 
μg/kg and 0.07−1.5 μg/kg, respectively.  Therefore, higher sensitive could be obtained by using N101.  BSA has 
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been used for preparation of the PCB-conjugate as antigen to obtain anti-PCB antibody, K2A.  Free antibody 
concentration may be varied due to the reaction of BSA with antibody in the sample solution.  Therefore, N101 was 
used for the following experiment. 

 
 

 
 

Figure 5.  Relative response on PCBs concentration Figure 6.  Precision profile of the standard  
in buffer solution. Curves in Figure 5. 
 
 
The capillary column and the microfluidic device were interfaced and PCBs in the eluate were directly extracted 

into the DMSO without evaporation (Figure 7), which is required in the previous method.  Flow rates for DMSO 
partitioning and DMSO elution from the microrecesses by buffer solution were optimized, respectively [3].  76% 
and 61% of relative responses were obtained at 0.2 mg/kg and 0.4 mg/kg PCBs in oil, which satisfied Japanese 
regulation value of 0.5 mg/kg.  Our method can be useful for realizing a simple, rapid and low-cost analysis system 
for PCBs in oil. 

 
 

 
 

Figure 7.  Photograph of the interface between the capillary column and the microchip. 
 

CONCLUTIONS 
We realized simple and rapid analysis method for PCBs in oil by utilizing the multilayer capillary column, the 

microfluidic DMSO partitioning, and the kinetic exclusion assay.  The microfluidic process time of the column and 
the DMSO partitioning without evaporation, which require in the previous method, was evaluated to be 19 min.  
PCB immunoassay by the use of N101 was achieved with high sensitivity, whose limit of detection was 31 ng/kg 
PCBs in the aqueous solution.  Our method could measure 0.2 mg/kg and 0.4 mg/kg, which satisfied Japanese 
regulation value.  When the flow-based kinetic exclusion assay system is miniaturized, our method can be useful 
for on-site PCBs analysis. 
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ABSTRACT 
   This paper describes a portable measurement system using membrane proteins (receptors) for environment 
analysis (Figure 1). Creatures sense ambient stimulations as eyesight, smell, taste, and so on, using recipient cells 
with the receptors in the cell membrane. If those congenital sensing mechanism is exploitable in an artificial system, 
the bio-inspired system will be applied for ultrahigh sensitive and selective sensors. For developing this sensor, we 
have addressed the stable and the reliable bilayer lipid membrane (BLM) as a platform for the membrane proteins. 
Double-well chamber with the parylene micropore that has the Ag/AgCl electrodes on the bottom of the chamber 
allows us to make the portable BLM device. As the results, we demonstrate the channel current recordings of the 
membrane protein using our portable BLM system at an extreme environment (at the summit of Mt. Fuji, Figure 2a). 
This proves that our system can be brought the higher mountain and measured the signals in wild environments. 
  
KEYWORDS 
Membrane proteins, Lipid bilayer, Biosensors, Portable system, MEMS 

 
INTRODUCTION 

Ion channels and biological nanopores have been studied toward the practical application in such as drug 
discovery, next generation of DNA sequencing, and biological sensors.[1] Especially, the bio-inspired sensing based 
on the receptors which receipts environment substances is recently studying as an ultrahigh sensitive sensor. Bilayer 
lipid membranes (BLMs) are usually formed across small apertures opened in a hydrophobic support.[2] BLMs are 
often formed with either the painting method or the Montal-Muller (MM) method. In the painting method, a lipid 
solution (an organic solvent containing phospholipid) is applied across a tiny aperture that separates two aqueous 
compartments. In the MM method, lipid monolayers at the water–air interface are brought together when they are 

Figure 1 a) Illustration of the droplet-contacting method. The monolayer assembles spontaneously at the 
interface between water and the organic solvent containing amphiphilic molecules. Once the two interfaces 
come into contact with each other, they form a lipid bilayer. b) A photograph of the double-well chip (DWC). 
Tow aqueous drops are contacted each other. c) Enlargement photograph of the interface of DWC. Lipid 
monolayer on the droplet surfaces will form the bilayer at the surface. This method should be one of the easiest 
ways for preparing the lipid bilayer. 
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raised above the aperture. Planar bilayers facilitate the study of membranes in precisely defined environments—for 
instance, investigations of buffer composition at both the cis and trans sides and membrane potentials. The electrical 
seal-resistance of the BLMs system is superior to that of the cell patch-clamping system, allowing highly sensitive 
detection, ideally down to single molecular level. However, bilayers produced using the conventional methods are 
often fragile, unsteady, and difficult to reproduce; this reduces their usefulness in high-throughput systems for 
pharmaceutical screenings. 

Our group has recently developed a reproducible method, the “droplet-contacting method (DCM)” for forming 
planar bilayers, using a simple fluidic control.[3] The principle of this approach is shown in Fig. 1a. The monolayer 
assembles spontaneously at the interface between water and the organic solvent containing amphiphilic molecules 
(phospholipids; Fig. 1a). Once the two interfaces come into contact with each other, they form a lipid bilayer. This 
method can easily be performed by injecting two water droplets into a well that is already filled with lipid solution. 
The success of the technique can be verified by capacitance measurements made between the membrane and ion 
channel signals, through peptide channels reconstituted into the membrane. Fig. 1c shows the top view of the 
contacted membranes. The interface does not rupture when an organic solution containing lipid molecules is used; 
the two droplets stay unmixed for over an hour. Thus, this system is both straightforward and stable. 

In addition, we also have previously reported rapid cocaine sensing by using DNA aptamer and the protein 
channel.[4] However, there are several issues in the membrane protein sensing for the environment analysis. The 
issues to be solved are: 1) the current noise; the particular equipment are required because 10-12 A current are 
measured in the channel recordings. 2) the stability of BLM; BLM usually are broken with artifacts caused by 
vibrations. 3) the preparation of BLM with membrane proteins; the BLM formation requires proficient skills. To 
solve these issues, we developed a low noise portable patch-clamp amplifier (PICO, Tecella) with BLM chip which 
makes stable BLM by DCM. This system will lay the groundwork for the real-time, point-of-care sensing of a wide 
variety of environmental targets.  

 

Figure 2 a) A photograph of the climbing Mt. Fuji for measuring the channel current using the portable BLM 
system. b) At the summit of Mt. Fuji (3776 m). c,d)The BLM chip was connected to the handheld patch-clamp 
amplifier (PICO, Tecella), and the single channel current was able to be measured with low noise at the extreme 
environment. e) The current-time trace of HL channel recordings at the summit using the portable system. The 
recording was conducted using DPhPC/n-decane, 1 M KCl, 10 mM PBS, 1 mM EDTA buffer at 30 mV bias 
voltage. The single channel conductance of HL was around 1 nS under this condition. 
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EXPERIMENT 
  We previously used a DWC for the droplets contacting method and prepared BLMs. However, we found the 
BLMs prepared by this method were mechanically unstable, which resulted in membrane rupture in relatively short 
time. In this study, we attempted to confine the BLMs forming areas with parylene micro-pores to enhance the 
mechanical stability (parylene double well chip, PDWC).[5] A fabricated parylene film which has five pores (150 μm 
in diameter,) was sandwiched between PMMA films and separated the two round chambers.  
  The PDWC with electrode was fabricated for the handheld recordings of channel proteins. Ag/Cr was deposited 
and patterned on the PMMA plate as wired electrodes for electrical recording from the chambers to a portable 
patch-clamp amplifier. Then, the chambers with parylene films and the wired plate were connected by 
thermocompression bonding. Finally, the bottoms of the chamber which contacts droplets were coated with Ag/AgCl 
paste. BLMs formation process is as follows; each well was filled with n-decane containing a phospholipid and two 
droplets of buffer solution were dropped into lipid solution in each well. A few minutes later, BLMs were 
spontaneously formed at parylene micropores. 
 
RESULTS AND DISCUSSIONS 
  To prepare BLM, two droplets in oil/lipid mixture first make lipid monolayers on the surfaces and then the 
monolayers are attached together to form a bilayer as shown in Fig. 1a-c. This method would be the easiest one for 
preparing BLM. The BLM chip was integrated with the parylene micropore and connected to the handheld 
patch-clamp amplifiers (Pico, Tecella) through the electrodes (Fig. 2a). The BLMs in the micropore was robust to 
the mechanical vibration, especially in low frequency. In addition, the current noise was reduced by changing the 
electrodes position from top to bottom of the chamber. Additionally, if BLM is ruptured, it can be reawaked by 
repainting at the interface between the wells. The success rate for the -hemolysin (HL) reconstitution by using the 
repainting methods was better than that by the first drop-off. Time required for the BLM formation by the repainting 
was more than 2 times faster than that by the drop-off method. Finally, we successfully measured the single channel 
currents of HL using our handheld system at the summit of Mt. Fuji (Fig. 2b). 
 
CONCLUSION 
  The portable BLM system for the recording of the protein channel currents can actually use in the extreme 
environment. This system will be applied to the ultrahigh sensitive bio-inspired sensors for environment analysis. 
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ABSTRACT 

This research presents a novel method to produce successive polymeric ion-selective membrane (ISM) 
embedded in a microfluidic chip with electrochemical electrodes for detecting ammonia ions. The ISM was formed 
inside the microchannel utilizing a simple flow-through forming technique. Surface tension force on microstructures 
is used to trap trace amount of polymer liquid doped with ammonia ionophores and form the ion-selective membrane 
after curing. Series of ion selective membrane with the thickness of around 50 μm can be formed in the microfluidic 
chip. Due to thinner thickness and higher surface-area of the formed membranes, the sensing performance can be 
greatly enhanced due to the faster ion diffusion through the ISM. Results show that the developed microchip has a 
good linear response for detecting ammonia ion of the concentration between 0.0001 and 1000 ppm (R2~0.9689) and 
the limit of detection is measured to be as low as 0.1 ppb. The time response for measuring 0.01 ppm of ammonia 
ion is only 4 s (95% standard) which is much faster than that of using typical commercial ISE products (~ minutes). 
The developed microchip with integrated ion-selective membrane provides a low-cost yet high performance way for 
continuous detecting ammonia ions.  
 
KEYWORDS: ion-selective membrane, microfluidic chip, ammonia ion, ionophores, surface tension force 

 
INTRODUCTION 

Electrochemical detection of redox reactions is one of the most promising techniques for analyzing specific ions 
in solution. The redox potentials and currents of the analytes can be electrochemically measured. However, this 
approach may suffer from the interferences with similar redox potentials and results in false signals. To overcome 
this problem, ion selective electrode for filtering out the undesired ions and leaving only the target ions for 
electrochemical detections has been reported. Ion selective electrode (ISE) is typically composed of a standard 
electrochemical electrode that covered with ion selective membrane for detecting specific ion samples in solutions. 
This technique has been applied in food industry, waste water or environment pollutant monitoring. The first 
ion-selective membrane electrode using a liquid ion exchanger was reported by Rose in 1967 [1]. A device used 
aqueous-organic interfaces to extract ions from samples using the ion permeable membrane for specific ions [2]. 
Inspired by this work, ion selective membrane has become an important detection scheme in electrochemical 
detections. In recent years, various methods have been developed to measure the membrane potential by the 
electrochemical detection of the probe ions across the membrane [3]. The relationship between the sample 
concentration ratio and membrane potential can be described by Nernst equation. Microfluidic devices integrated 
with polymeric or liquid membrane electrodes for ion-selective detections have attracted researchers in the field of 
MicorTAS. For example, Manz et. al presented the concept for attaching a single ISE membrane inside a 
micro-channel depend for Ba+ detection [4]. However, the sensing performance of the device is an issue due to the 
relative thick membrane. In order to improve the sensing performance of an ISE microchip, a thinner membrane with 
larger diffusion area is essential. Recently, Hisamoto et. al reported a chemicofunctional membrane formed at the  
contact interface of two reactive solutions in a microchip [5]. However, this process relies on a precise control for 
the two reactive solutions; otherwise the membrane formation could be unstable or discontinuous. Therefore, this 
study reports a simple and reliable method to form ion-selective membrane within a microfluidic chip utilizing the 
high surface tension force of microstructures.  

 
EXPERIMENT 

Figure 1 illustrated the concept for the forming mechanism of the proposed ion-selective membrane in an ISE 
microchip. The injected PVC solution can be pinched at the center of the microchannel due to the neighboring air 
flows induced by the vacuum suction. PVC solution doped with ionophores is then self-attaching onto the designed 
microstructures and forms a thin PVC layer at the center of microchip by the assistance of surface tension force and 
vacuum suction. Since the thickness of the formed membrane is only depend on the vacuum suction, the dimension 
of the microstructure, material property of the microchannel and the surface tension of the PVC solution. A series of 
ion selective membranes with uniform thickness can be formed in the microchannel with this simple approach. 
Figure 2 shows the fabrication process of the proposed ISE microchip for electrochemical detection of ammonia ions. 
The fabrication process is based on a standard PDMS replication technique for producing the microfluidic channel 
(Fig. 2A) and a standard electrode pattern technology for producing the electrodes for electrochemical detection (Fig. 
2B). The Ag/AgCl reference electrode was then produced by a controlled chlorination process of the sputtered silver 
electrode. (Fig. 2C) Note that chlorination was achieved by immersing the patterned substrate in a 0.1 M HCl 
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solution with the application of a constant electrical potential of 1.5 V for 10 second. The PDMS replica and the 
substrate with EC detecting electrode was treated with oxygen plasma and bonded together to seal the microfluidic 
channel. (Fig. 2D~2E) Finally, the PVC solution was filled into the microchannel and the membranes were formed 
on the microstructures utilizing the surface tension force. (Fig. 2F) Figure 3 shows a photo image of the ISE 
microchip after assembly and an SEM image for the surface morphology of the formed ion-selective membrane. The 
microchannels separated by the ISE membrane are for sample solution feed-through and electrolyte solution 
replacement for EC detection of ammonia ions, respectively. The EC electrodes are with 2.0 mm in width and 2.0 
mm in pitch. (Fig. 3A) Figure 3B shows the SEM image for the close-up view of the ion-selective membrane fromed 
inside the microstructure. A continuous and dense packed PVC membrane was successfully formed. Figure 4 shows 
the experimental setup for evaluating the sensing performance of the produced microchip device. The sample 
solution and the electrolyte were injected with syringe pumps. The sample solution flows through the ISE contact 
area then the ammonia ions diffuse into the ISE sensing chamber for potential state measurement with the EC 
electrodes. More importantly, the developed chip is easy to renew the electrolyte in the microchip for obtain a stable 
and refreshable measurement for electrochemical detection.  

 
RESULTS AND DISCUSSION 

Figure 5A shows the cross-section view of multiple ion-channels where the ion selective membranes were 
formed (Fig. 5B). Results show that the surface tension force successfully trapped constant amount of ionophore 
doped PVC solution and formed the ion selective membrane. The sensing performance of the produced ISE 
microfluidic device was evaluated by cyclic voltammetry measurement of ammonia ion solutions of different 
concentrations. Figure 6 shows the cyclic voltammogram for detecting NH4Cl (aq) with the concentration range 
from 0.01 to 1000 ppm. Significant redox signals confirmed that the good sensing performance of the developed 
microchip integrated with ISM. Results also indicate that the measured current responses increased with the 
increasing concentration. Moreover, the significant redox signals were symmetric at the potentials of ± 0.28 V also 
indicated the nice redox reaction on the EC electrodes. Figure 7 presents the measured calibration curve for detecting 
ammonia ion in the concentration range of 10-4 to 103 ppm. The developed ISE chip exhibited a detection limit of 0.1 
ppb which is much lower than that of commercial ISE products of around 0.1 ppm. The thinner thickness and higher 
surface-area of the formed ISM significantly improve the sensing performance of the ISE microchip. The nice 
linearity confirmed that high performance electrochemical detection can be achieved using the ISE microfluidic 
system. Figure 8 presents the time response for detecting NH4Cl (aq) of various concentrations using the developed  
ISE microchip. Note that the concentrations for NH4Cl was in the range of 0.01 to 1.0 ppm and the channel were 
refreshed by flushing new sample solution in the microchannel after each test run. Results shows that the ISE sensor 
reached 95% of the current response in seconds which is also faster than that of commercial ISE (around tens 
seconds). The developed microchip device provides a low-cost and high performance way for detecting NH4

+ in 
μ-TAS. The ISE sensor also presented a simple method to fabricate the NH4

+ selective membrane in a sealed 
microfluidic device.  

 
CONCLUSIONS 

This study has successfully developed a simple and low cost process to produce ISE microchip integrated with 
the ion selective membrane between the microstructures. Surface tension force and the designed geometry of the 
microstructures made the formed ion membrane thin and had high specific area for ion diffusion. This approach will 
be improve the field of automated techniques for assembling the NH4

+ sensor. Results show the developed ISE has 
good sensing performance for detecting NH4

+ in the concentration range from 10-4 to 103 ppm. The ISE chip also 
shows rapid response of around 4 s (95% standard) for measuring 0.01 ppm of ammonia ion, which is much faster 
than that of using commercial ISE products. Furthermore, the ion selective membrane has a possibility for the 
multiple-analyte detection by utilizing the ion selective membrane which is doped with different enzyme. The 
microchip device provides an excellent approach for developing new ion selective sensors with different ion 
detection capability. 
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Figure 1. Concept of the membrane forming technique 
utilizing surface tension force. 
 

 
Figure 2. A simplified fabrication process for 
producing the microfluidic chip integrated with 
ammonium ion selective membrane. 
 

 
Figure 3. (A) Photo image of the microfluidic chip after 
assembly. (B) SEM image showing the formed 
membrane surface ( x10,000). 
 

 
Figure 4. Experimental setup for testing the microchip 
with ion-selective membrane. 
 

 
Figure 5. (A) Cross section views of the ion-channel 
structure. (B) The formed ion membrane inside the 
ion-channel. 
 

 
Figure 6. Cyclic voltammogram for sensing different 
concentrations of NH4Cl solutions with the ISE 
microfluidic device. 
 

 
Figure 7. Current response versus the concentration of 
NH4Cl(aq). 
 

 
Figure 8. Time response of the microchip under various 
concentrations of NH4Cl (aq). 
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ABSTRACT
Avian influenza virus (AIV) and Newcastle disease virus (NDV) are highly contagious and fatal 

diseases affecting most species of poultry. The mortality rate of poultry infected by NDV is almost 
100% and is over 80% for high pathogenic AIV. High fatality rate may cause significant economic loss 
of agricultural products. Furthermore, high pathogenic AIV may cause viral transmission from avian to 
human and genetic mutation to infect from person to person, therefore leading to human pandemics. In 
this study, a new approach for using magnetic beads-conjugated molecular beacons to rapidly diagnose 
AIV was demonstrated. The diagnosis process can be automatically performed on a microfluidic 
system within 30 minutes. The developed system may provide a useful platform for multiple pathogen 
detection for poultry. 

 
KEYWORDS 
microfluidics, avian influenza virus (AIV), Newcastle disease virus (NDV), molecular beacon 
 
INTRODUCTION  

Avian Influenza viruses (AIV) belong to the Orthomyxoviridae family and can be classified into 
two categories, including highly pathogenic AIV which produces severe fatal infection and low- 
pathogenic AIV [1]. Newcastle disease virus (NDV) is one of the paramyxoviruses which is a 
contagious and lethal disease infecting most specious of birds [2]. High fatality rate could cause 
significant economic loss of agricultural products. Furthermore, highly pathogenic AIV may cause viral 
transmission from avian to human and cause genetic mutation to infect from person to person, finally 
lead to human pandemics. Besides, clinical symptoms of AIV and NDV are very similar. Therefore, to 
distinguish AIV and NDV is crucial for pathogen diagnosis and surveillance. Thus, a rapid and accurate 
detection of pathogens is of great need.  

Traditional diagnostic methods such as virus culture, enzyme-linked immunosorbent assay (ELISA), 
reverse-transcription polymerase chain reaction (RT-PCR) may have some drawbacks. For instance, 
ELISA is relatively time-consuming, exhibits poor specificity and low sensitivity. Alternatively, 
RT-PCR is a relatively complex procedure and requires special laboratory facilities and well-trained 
technicians. In this study, a microfluidic system using molecular beacons was used for rapid detection 
of pathogens. Molecular beacons have been widely used due to their ease of synthesis, unique 
functionality, molecular specificity and structural tolerance to various modifications. The structure of 
molecular beacons can be divided into three parts. One is a stem-loop with sequences complementary 
to the target sequence, the others are a pair of quencher and fluorophore. When molecular beacon forms 
the stem-loop structure, it holds the quencher and fluorophore close to each other. Hence, the energy 
from the fluorophore is transferred to the quencher. Once the single stranded loop portion of the 
molecular beacon hybridizes to the target, the stem melts and the resulting spatial separation of the 
fluorophore from the quencher leads to an enhancement in fluorescence signal [3]. Therefore, it can be 
used for recognizing the target molecules and fast diagnosis.  

 
EXPERIMENTAL

 The working principle of diagnostic system is schematically shown in Fig 1. Briefly, the 
molecular beacon, test samples and magnetic beads coated with virus specific probes to capture virus 
RNA were first loaded into a reaction chamber. Then, virus lysis and beacon denature were performed 
under 95°C for 5 minutes. It was then followed by decreasing temperature for beacon and probes 
annealing to the target sequence. Finally, the fluorophore was excited by laser and the fluorescence 
signal was measured for virus detection.  

 Figure 2 shows an integrated microfluidic chip made of two polydimethylsiloxane (PDMS) 
layers and one glass plate, which was first fabricated by a computer-numerical-control machining 
process, followed by PDMS casting and oxygen plasma treatment for bonding. The length, the width 
and the depth of the chip were measured to be 59, 74 and 5 mm, respectively. This microfluidic chip 
integrating washing buffer chambers, reagent/reaction chambers, waste units, suction-type micropumps 
and normally-closed valves was designed and fabricated to perform the entire process for virus 
detection. This chip contained six identical modules for positive control, negative control and 4 
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individual detections (AIV and ADV), respectively. 
 

 
 

Fig.1 Schematic illustrations about the 
experimental procedures for rapid detection of 
AIV. (A) Loading molecular beacons, virus and 
magnetic beads into a reaction chamber. (B) 
Increasing temperature to 95°C for virus lysis 
and beacon denaturation. (C) Decreasing 
temperature to 75°C for beacon annealing onto 
the target sequence. (D) Cooling down to 58°C 
for probe annealing, washing out waste and 
diagnosis of fluorescence signal. 
 

 

 

Fig. 2 (A) Top view, (B) exploded view, and (C) 
a photograph of the beacon-based integrated 
microfluidic chip consisted of normally-closed 
valves, washing buffer chambers, 
reaction/sample chambers, waste units, and 
suction-type micropumps

RESULTS AND DISCUSSION
The optimization of the beacon concentration, hybridization temperature and reaction time were 

first explored for the molecular beacon assay and the results are shown in Fig. 3. The fluorescence 
excitation signal showed that 5 mmole of AIV beacon can be used to capture AIV RNA by 
hybridization at 75 °C for 10 minutes. Note that the entire process from sample loading to final 
detection of fluorescent results only takes 30 min. Therefore, by using the microfludic system, the 
entire diagnosis process can be very simple and rapid. 

Figure 4 shows the sensitivity test result for exploring the detection limit of the molecular beacon 
using plasmid carrying AIV specific fragment. The results show that molecular beacon can recognize 
AIV as low as 10 copies. The microfludic assay using molecular beacons may provide a promising tool 
for detection of pathogens in poultry. 
 
(A) (B) 

  

(C) 
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(C)  

 

 

Fig. 3 Optimization tests of different parameters for the molecular beacon assay. (A) Temperature, (B) 
hybridization time and (C) the concentration of beacons hybridized with target sequence. NC indicated 
as negative control used by distilled water. AIV was avian influenza virus as positive control. ARV was 
the avian reovirus as internal control to test the specificity of the beacon.  

 
Fig. 4 Sensitivity test results for the detection of AIV. A: Plasmid carrying AIV specific fragment, Mock: 
Plasmid only (without AIV specific fragment), NC: Negative control by using distilled water. The result 
indicated that molecular beacon can recognize 10 copies of AIV. P<0.05 indicated a significant 
difference between AIV and Mock by using student’s t test. 

CONCLUSION
An integrated microfluidic system was developed to carry out the detection of AIV. The entire 

process including sample pre-treatment and virus detection can be automatically performed in a short 
period of time (30 minute).  The sensitivity of the assay has been verified by using virus particle 
samples, which is as low as 10 copies of AIV. The proposed microfluidic system is promising for rapid 
detection of aquaculture pathogens. 
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Figure 1: Integrated device 
consisting of drug delivery unit, 
biosensor and fuel cell unit for 
in-vivo monitoring of vasopressin   

 

 

IMPLANTABLE DEVICE FOR LATE-PHASE HEMORRHAGIC SHOCK 
PREVENTION USING A NOVEL NON-ENZYMATIC FUEL CELL
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ABSTRACT
    Autonomous microsystems that have the ability to function on their own, interpret and interact with their 
environment have many applications for in-vivo medical devices. Despite advances in nanotechnology and low 
power electronics, the development of such devices had been limited in the past decade by slow advances in lithium 
battery technology. Implantable power sources such as piezoelectric generators and bio-fuel cells have been 
proposed as alternatives to lithium batteries however those technologies are limited by either poor power output or 
short lifetime. Non-enzymatic glucose fuel cells are promising replacement candidates because of good long-term 
stability and adequate power density. Here we have developed a novel single-layer glucose fuel cell with good 
performance (2µW cm-2) and long-term stability that can be stacked to obtain a high volumetric power density unit 
(over 16µW cm-3). This represents the first demonstration of a low volume non-enzymatic fuel cell stack and our 
power density results are an order of magnitude greater than the state-of-the-art. To demonstrate the potential of this 
new technology, we have developed an autonomous implantable device for vasopressin monitoring and prevention 
of late-phase hemorrhagic shock. The device consists of a nonosensor, drug delivery device and glucose fuel cell 
unit.  
 
KEYWORDS
Autonomous implantable devices, glucose fuel cells, vasopressin, biosensor, drug delivery  

 
INTRODUCTION
    Non-rechargeable lithium batteries have been successfully used in implantable medical devices for over 40 
years, however their life cycle is often much shorter than the desired period of implantation for such devices[1]. In 
addition, because many new proposed medical devices have much higher power requirements than current batteries, 
researchers are developing new implantable power sources that can harvest chemical, thermal and mechanical 
energy from the human body as an alternative to lithium batteries[2]. These include piezoelectric[3] and thermal 
generators[4] and bio-fuel cells[5]. Glucose fuel cells are particularly interesting because of the abundance of 
oxygen and glucose in body tissue and the possibility to generate a stable high continuous power output through the 
coupling of glucose oxidation and oxygen reduction reactions at the electrodes[6]. Here we present a novel 
non-enzymatic fuel cell that can be manufactured cost-efficiently on single wafers using standard fabrication 
protocols and integrated in low volume implantable devices. In order to demonstrate the potential of such 
non-enzymatic glucose fuel cells for powering medical devices we have 
developed an integrated device for vasopressin monitoring and prevention of 
late-phase hemorrhagic shock. This is an important application because 
hemorrhagic shock is the number one cause of preventable death in military 
battlefield situations.  It is also known that progression to the irreversible 
phase of hemorrhagic shock is indicated by a marked decrease plasma 
vasopressin levels and that replenishment of vasopressin up to the normal 
physiological levels has also been shown to rapidly increase the arterial 
pressure[7]. Therefore our device in Figure 1 integrates an aptamer-based 
carbon nanotube biosensor currently being developed in our lab and an 
electrochemically driven microwell drug delivery system similar to a device 
developed by Chung et al[8].  
Here we first demonstrate the integration of the glucose fuel cell into a high 
volumetric power density fuel cell unit. Secondly we demonstrate that the 
aptamer-based biosensor can be used to continuously measure changes in 
vasopressin concentration. Finally we show experiments that demonstrate 
that that these components can be integrated together to produce an 
implantable device for late-phase hemorrhagic shock prevention.   

NON-ENZYMATIC GLUCOSE FUEL CELL
    The single-layer fuel cells (SLFCs) developed here are patterned directly on 500μm thick fused silica substrates 
and subsequently diced to obtain 1cm2 fuel cell layers as can be seen in Figure 2a. A concentric design where the 
anode is surrounded by the cathode was selected because it increases the interface area between the electrodes and it 
helps increase glucose-oxygen separation when the layers are stacked. In order to achieve high effective surface area, 
a Raney-type alloy process is used for both the anode and the cathode. This process, first demonstrated by Gebhardt 
et al.[9], involves the annealing of a thin layer of platinum with a non-noble metal followed by the chemical etching 
of the non-alloyed outer metal layer. By itself, when tested in-vitro at physiological levels of glucose and oxygen, 
the SLFC achieves low power output (0.8µW) because of oxygen cross over at the anode, however when the layers 
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Figure 2: Glucose Fuel Cell Unit. (a) picture of one double sided 
SLFC along with a stack of 12SLFCs (b) illustration demonstrating 
how confining the reactants diffusion can reduce oxygen cross over at 
the anode (c) performance of the 12 SLFCs stack connected in series 
(d) chronoamperometric response at 0.1V in 0.01M PBS solution for 
the first 2h and after the addition of 5×10-3molL-1 glucose 

 
 

 

 

are stacked 500µm apart, the oxygen gets depleted at the cathode before it reaches the anode as illustrated in Figure 
2b. In order to demonstrate the potential 
of SLFCs to be integrated in implantable 
devices as highly compact power sources 
we have assembled a fuel cell unit with 
stacked SLFCs connected externally in 
series. The holder was printed using a 3D 
printer. The assembled device in Figure 
2a has a volume of approximately 1cm3 
and can accommodate 12 SLFCs printed 
on both sides of 1cm by 1cm diced pieces 
of 500μm thick fused silica wafers. That 
represents 12cm2 of fuel cell surface area 
exposed to solution. For comparison 
purposes an oxygen depletion design type 
fuel cell that we have previously 
developed[10] had a thickness of 0.5cm, a 
total volume of 2 cm3 and a surface area 
of 1cm2 exposed to solution. The fuel cell 
had a power output of 2 μWcm2 
corresponding to a volumetric power 
output of roughly 1μWcm3. In Figure 2c it 
can be seen that the peak volumetric 
power output is roughly 16μWcm3 
roughly 16 times higher than for the 
state-of the art depletion design type fuel 
cell. It can be also seen by the 
chronoamperometric response at 100mV 
that the fuel cell unit shows no power 
degradation over a period of 12 hours. 

  

NANOSENSOR FOR APTAMER BASED DETECTION 

    The aptamer-based nanosensor that we have developed here works by taking advantage of the conductivity 
change that occurs due to vasopressin binding at the aptamer-modified carbon nanotubes surface. Aptamers have 
been widely employed to bind tightly to very specific target molecules, such as amino acids, drugs, and proteins[11]. 
The binding between aptamer and vasopressin can be transduced to be a readable signal via different approaches in 
aptamer-based biosensors[12]. The sensor we have developed allows to measure changes in vasopressin binding, and 
therefore vasopressin concentration by measuring current changes in the sensor. The voltage in the integrated system 
is provided by the fuel cell unit. Figure 3a shows an illustration of vasopressin binding along the aptamer-modified 
carbon nanotubes as well as a device that was used to continuously monitor real-time changes in vasopressin 
concentration. Figure 3b shows that there is 7% decrease in current when 1mM vasopressin is added to the 0.01M 
PBS solution at potentials of up to 1V. In Figure 3c we demonstrate the real time response to the addition of 10μM 
vasopressin to the PBS solution. We can see that there is an initial drop when vasopressin flows through the 
detection area and that the current goes back up to initial levels over approximately 50sec when only PBS is 
introduced over the detection area. These results demonstrate that the sensor can be used continuously at small 
applied potentials to measure changes in vasopressin concentration.        

 
Figure 3: Sensor Unit. (a) illustration of vasopressin binding along the aptamer-modified carbon nanotubes and 
device for continuous monitoring of changes in vasopressin concentration (b) current-potential curvesfor 1mM 
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vasopressin in PBS(black) and just PBS solution(red) (c) real-time response to addition of 10 μM vasopressin, 
followed by just 0.01M PBS 20 sec later 

 
INTEGRATED DEVICE FOR CONTINUOUS VASOPRESSIN MONITORING 

    The device in Figure 4a, composed of 2 stacked SFCLs and a biosensor, was used to demonstrate that the fuel 
cell unit can be used to continuously detect changes in vasopressin concentration. In Figure 4b it can be seen that the 
voltage decreases by an average of 2.56% when vasopressin flows over the detection area. This change can be easily 
detected despite only using 2 fuel cell layers (corresponding to 0.1cm3) to power the sensor. To increase accuracy, a 
larger fuel cell unit can be connected to the sensor.  
The electrochemically driven microwell drug delivery system developed previously has been modified to be more 
easily integrated in a small compact implantable device[8]. The reservoir of the drug delivery device contains 
approximately 15μl of 0.05g/l vasopressin for release. When drug release is desired, an electrical potential is applied 
and the gold membrane holding off the vasopressin ruptures. Figure 4c shows that the vasopressin drug delivery can 
be achieved in approximately 7seconds at an applied potential of 12V. In the devices presented in Figure 1 all the 
connections were made externally and the voltage to the drug delivery system was provided by an external power 
source. We have demonstrated here that the glucose fuel cell unit that we have developed here can be used to detect 
changes in vasopressin concentration. In addition the glucose fuel cell unit can also be used to charge a capacitor that 
can subsequently be used to apply a one-time 12V potential in order to initiate drug delivery.   

 
Figure 4: Integrated device. (a) integrated stacked fuel cell unit and sensor device (b) voltage drop across the sensor 
when the current is generated by the fuel cell unit (c) drug deliver system in 0.01M PBS solution at t=0s (time when 
12V is applied) and at t=7s    
 

REFERENCES 

[1] Mike Tas and S. A. Fluidic, Ut volutpat bibendum urnat, Proc. Curabitur Vitae Nibh 2011, Publisher Name, 
Tokyo, Japan, pp. 1000-1001, (2000). 
[1] Vincent, C.A., Lithium batteries: a 50-year perspective, 1959–2009. Solid State Ionics, 2000. 134(1–2): p. 
159-167. 
[2] Wei, X. and J. Liu, Power sources and electrical recharging strategies for implantable medical devices. Frontiers 
of Energy and Power Engineering in China, 2008. 2(1): p. 1-13. 
[3] Qi, Y. and M.C. McAlpine, Nanotechnology-enabled flexible and biocompatible energy harvesting. Energy & 
Environmental Science, 2010. 3(9): p. 1275-1285. 
[4] Stark, I. Invited Talk: Thermal Energy Harvesting with Thermo Life. in Wearable and Implantable Body Sensor 
Networks, 2006. BSN 2006. International Workshop on. 2006. 
[5] Heller, A., Miniature biofuel cells. Physical Chemistry Chemical Physics, 2004. 6(2): p. 209-216. 
[6] Kerzenmacher, S., et al., Energy harvesting by implantable abiotically catalyzed glucose fuel cells. Journal of 
Power Sources, 2008. 182(1): p. 1-17. 
[7] Alam, H.B., E. Koustova, and P. Rhee, Combat Casualty Care Research: From Bench to the Battlefield. World 
Journal of Surgery, 2005. 29(0): p. S7-S11. 
[8] Chung, A., Y. Huh, and D. Erickson, A robust, electrochemically driven microwell drug delivery system for 
controlled vasopressin release. Biomedical Microdevices, 2009. 11(4): p. 861-867. 
[9] Gebhardt, U., J.R. Rao, and G.J. Richter, A special type of raney-alloy catalyst used in compact biofuel cells. 
Journal of Applied Electrochemistry, 1976. 6(2): p. 127-134. 
[10] Oncescu, V. and D. Erickson, A microfabricated low cost enzyme-free glucose fuel cell for powering low-power 
implantable devices. Journal of Power Sources, 2011. 196(22): p. 9169-9175. 
[11] Song, S., et al., Aptamer-based biosensors. TrAC Trends in Analytical Chemistry, 2008. 27(2): p. 108-117. 
[12] Huh, Y.S. and D. Erickson, Aptamer based surface enhanced Raman scattering detection of vasopressin using 
multilayer nanotube arrays. Biosensors and Bioelectronics, 2010. 25(5): p. 1240-1243. 
 
CONTACT 

Professor David Erickson  de54@cornell.edu 

 856



EVALUATION OF ETHANOL TOXICITY TO OIL PRODUCING ALGAE 
USING A MICROFLUIDIC DEVICE 
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ABSTRACT 
    Effects of ethanol toxicity to microalgae were assessed by using a microfluidic device. The developed device 
has a function to sample a small amount of the individual microalgae and line them up in the channel. The target 
microalga is Botryococcus braunii (B. braunii) which yields hydrocarbons. The hydrocarbons are able to be 
separated from the B. braunii by exposing to ethanol. To confirm the time-dependent effect of the ethanol toxicity to 
microalgae, ethanol and DAPI were injected into the device after sampling of B. braunii. We could continuously 
observe the damaged cells of microalgae by the fluorescence of DAPI.  

KEYWORDS 
Microalgae, Botryococcus braunii, Toxicity assay, Vernier wall. 

INTRODUCTION
    Botryococcus braunii (B. braunii) yield some kind of hydrocarbons of which main component is similar to heavy 
oil fuel (Figure 1). B. braunii discharge hydrocarbons to outside of the cells, while the other algae stock oils inside of 
them. Hence it is expected that the heavy oil fuel can be continuously acquired from B. braunii without cell disruption. 
However, the acquirable amount of the produced hydrocarbon is not yet enough to meet the production cost. One of the 
reasons of the problem is depressed cellular function due to the damage caused by the toxicity of alcohols or organic 
solvents used for deoiling of B. braunii [1]. To understand the effects of those chemicals on B. braunii and to improve 
the deoiling process, a continuous assay of individuals is one of the most desired approaches for floating 
microorganism such as B. braunii.  

On the other hand, we had developed a microfluidic device which has a function to sample a small amount of the 
individual microorganisms and line them up in the channel [2]. After sampling of them, some reagents can be 
injected into the channel. 

In this research, small amount of the cells of B. braunii were sampled in the device. Then ethanol and DAPI were 
injected into the device for exposing B. braunii. We concurrently observed the effects of ethanol toxicity to 
individual cells of B. braunii by confirming the fluorescence of the DAPI. 
 
MICROFLUIDIC DEVICE 

The microfluidic device made of PDMS has a capability to sample few amount of microorganisms. The function 
is realized by a specific channel structure named as vernier walls which are standing on the ceiling and on the bottom 
of the channel [2]. The closest vernier walls make the channel narrow periodically as shown in Figure 2. Hence, 
microorganisms of uniform size are captured between the closest vernier walls. Additionally, to avoid clogging, the 
microfluidic device has a bypass channel which almost microorganisms are going through. 
 
 
 

 
 

Figure 1: Botryococcus braunii (NIES-836). (A) Aggregated B. braunii with their oil. Single cell size is 7μm-11μm. 
(B) B. braunii after exposing to ethanol. Scale bar is 15μm. 
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Figure 2: Schematic of microfluidic device. 
 
 
EXPERIMENTS 

First, we had confirmed the device utility as a system for toxicity assay by an experiment of exposing budding 
yeast: Saccharomyces cerevisiae (BY2779, The National Bio-Resource Project (NBRP), Japan) to lithium acetate 
solution (Figure 3). The yeast is widely used for basic research of microorganisms because of the easy handling and 
the short doubling time. The lithium acetate is well known as a reagent for gene transfer of the yeast. 

Secondary, based on the yeast experiment, we applied the device to an experiment of exposing ethanol to B. 
braunii (NIES-836, National Institute for Environmental Studies (NIES), Japan). Suspension of B. braunii was 
injected into the device for the capturing of them. We could confirm the individual cells of B. braunii had been 
captured on the corresponding line in the channel (Figure 2). Following the capturing, ethanol with DAPI (Dojin 
Chem, Japan) 0.5% (v/v) was injected into the channel at 10μL/min for 40minutes. 
 
RESULT AND DISCUSSION 

The result of the first experiment show the lithium acetate solution damaged the yeast gradually. We could decide 
the effective amount of the injected solution for gene transfer. 

The result of the microalgae experiment shows most of the same tendency of the yeast experiment. Damaged 
cells are confirmed by their fluorescence of DAPI. The strong fluorescence of DAPI was confirmed after 20 minutes. 
Additionally, the fluorescence of the chloroplast pigment became weak in contrast to the fluorescence of DAPI as 
shown Figure 4. On the other hand, we could not see any changes of the cells in the case of injection culture medium 
with DAPI 0.5% for 40 minutes. 
 
CONCLUSION 

As the result of the demonstration experiments, it is concluded that the time-dependent effect of the ethanol 
toxicity to individual microalgae is successfully confirmed by the present device.  

To protect microalgae from the toxicity of ethanol in the micro channel, the exposing time must be less than 10 
minutes.  
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Figure 3: Experiment result of exposing budding yeast to lithium acetate for 20 minutes. Damaged cells are 
confirmed by fluorescence of PI dye (Dojin Chem, Japan). 
 
 

 
 
Figure 4: Result of exposing B. braunii to ethanol for 40 minutes. (C) Captured cells deformed caused by 
toxicity of ethanol. (D) DAPI (Dojin Chem, Japan) is used for confirmation of damaged cells. (E) Ethanol 
deprives auto-fluorescence of chloroplast. (F) Fluorescence of DAPI and Chloroplast is contrastive. 
Measurement region is rectangle of white dash line at (D) and (E). 
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Figure 2. Open microfluidic chips for particle recovery and 
microcleansing. Only a 100 uL of saline (A) is required to 
remove particles on surfaces as delicate as a contact lens (B).

Figure 1. Experimental setup. A passive PDMS 
on glass chip (A) is placed on a piezoelectric 
transducer (B). No external tubing or syringe 
pumps are required.

PATTERNED MICROCLEANSING AND PARTICLE  
RECOVERY WITH OPEN ACOUSTIC MICROFLUIDICS

Arlene Doria, Nicholas E. Martin and Abraham P. Lee 
Department of Biomedical Engineering, University of California - Irvine, USA 

ABSTRACT 
The application of ultrasonic energy to a bath of solution 

is a well-established technique for improving the efficacy of 
cleansers and solvents, and this communication presents a 
technique for further improvement upon this method.  
Hydrophobic PDMS devices have been made with 2D arrays 
of cavities that naturally trap an air bubble when covered with 
aqueous solution.  A piezoelectric transducer is used to 
transmit ultrasonic energy to the 2D array that oscillates the 
air-liquid interface above each cavity.  These oscillations 
create micro-vortices that gently remove and trap particles and 
debris from adjacent surfaces, including proteins from soiled 
contact lenses. 

KEYWORDS 
acoustic, ultrasound, particles, beads, trapping  

INTRODUCTION 
    The use of ultrasound to activate 
cavitation microstreaming on two 
dimensional bubble arrays have been used in 
bioengineering applications for mixing and 
hybridization [1][2].  The use of these arrays 
to loosen and trap particles from soiled 
surfaces may be a useful application for 
microvolume cleansing of delicate 
components.  Ultrasonic baths have long 
been used for industrial cleaning and 
chemical processing. Baths requires agitation 
or microbubble generation that can be 
actuated with ultrasound.  The precise 
location of microbubbles is not well 
controlled and baths require liquid volumes 
that exceed microliter scales.  The large 
volume of solution required for ultrasonic 
baths makes the recovery of removed 
particles nearly impossible.  Furthermore, 
many sonication methods that require 
agitation may not be suitable for delicate 
surfaces. Herein, we describe acoustically 
actuated bubble arrays we term air-liquid 
cavity acoustic transducers (ALCATs) for 
microcleansing and particle recovery using 
microliter volumes.          
    ALCATs are air cavities that form 
naturally in properly designed hydrophobic 
devices filled with aqueous liquids.  When 
activated by an acoustic source, the air-liquid 
interfaces above these cavities will oscillate 
and create stable cavitation streaming within 
a localized region of the surrounding liquid. 
ALCATs have been shown to be useful for 
several biological applications [3], and in this 
embodiment will serve to dislodge particles 
from a desired surface via the micro-vortices 
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Figure 3. Computational Fluid Dynamic Simulation 

of particle paths in the presence of activated 

ALCATs. 

 

Figure 4. UV280nm absorbance of the solution used for cleaning the 

protein incubated lens shows a general increase over time of cleansing. 

generated at the air-liquid interface.  For our device, a high 
density bubble array was fabricated using standard soft 
lithography techniques.  Fluid and particle manipulation 
can be accomplished on a passive, disposable chip that is 
placed on top of an external acoustic transducer (in this case 
an electrically driven piezoelectric transducer) with a 
coupling medium (Fig. 1). There is no need for a pump or 
external tubing. 
 

EXPERIMENT 

    Here, ALCATs are formed by pipetting microliter 
volumes onto cavity arrays that trap air bubbles. (Fig. 1 and 
2A). In our model, a fragile, soiled contact lens (Fig. 2B) is 
placed on the chip with nearly conformal contact to the array. 
Computational fluid dynamic simulations were performed to 
show particles trapping in the presence of these vortices (Fig. 
3).  In these simulations, the air-liquid interface is modeled 
as an oscillating inlet/outlet.  This approximation has been 
verified by analyzing the behavior of the air-liquid interface with a high-speed camera (Phantom v310, Vision Research) 
and inverted microscope (Eclipse TE2000-S, Nikon). Fig. 5 shows various debris types (beads, eyeshadow, salt/proteins) 
circulating in dynamic micro-vortices near localized regions of the ALCAT array.  In some videos, the combined 
actuation of all the bubbles was enough to oscillate the liquid solution as observed under a microscope.  Fig. 4 presents 
quantitative data which supports the claim that an activated ALCAT array can successfully remove protein debris from a 
delicate surface.  A contact lens was incubated in fetal bovine serum albumin for 6 days at 37°C in 5% CO2.  The 
contact lens was rinsed in DI water and N2-dried then placed in 100uL of saline solution on an ALCAT chip. The 
air-liquid interfaces of the ALCAT array were activated by a piezoelectric transducer at a frequency of 44 kHz.  The 
solution was sampled every 3 minutes and measured for 280nm absorbance using a Beckman Coulter DU730 
Spectrophotometer. UV280 absorption roughly represents amount of proteins in solution due the strong absorption of 
aromatic rings in amino acids at 280nm.  An upward trend in absorbance over time is seen (Fig. 5), indicating that more 
protein is being dislocated from the 
surface of the lens as time goes on.   

This novel method of 
microcleansing may serve as a niche 
for removing particles off delicate, 
soiled surfaces and recovering those 
particles if necessary in small 
microliter volumes without the need to 
agitate the surface to be cleaned.   
Additionally, ALCAT arrays made 
with soft elastomers such as 
polydimethylsiloxane can be made to 
have conformal contact to a variety of 
geometric shapes.  ALCAT 
microstructures can be fabricated in 
only a single layer and are therefore 
very amenable to conventional 
manufacturing processes. 
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Figure 5. Snapshots of swirling particles trapped in microvortices. 5um polystyrene beads (A), eyeshadow 

particles (B), salts/protein (C) are trapped after exposure to a soiled surface of the contact lens.  Areas adjacent 

to the surface did not appear to have particles (D).    
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WATER DROPLET MANIPULATION BY TUNABLE WETTING ON 
SMART POLYMER AT ULTRA-LOW VOLTAGES

Yao-Tsan Tsai, Chang-Hwan Choi and Eui-Hyeok Yang
Department of Mechanical Engineering, Stevens Institute of Technology, Hoboken, 07030, NJ (USA)

ABSTRACT

In this paper, we report experimental results and analyses on the controlled manipulation of liquid droplets using 
local reduction and oxidation (redox) processes of conjugated polymers of dodecylbenzenesulfonate doped 
polypyrrole (PPy(DBS)). The electrochemically tunable wetting property of PPy(DBS) permitted the manipulation 
of an organic droplet of dichloromethane (DCM) at very low voltages (<0.6V). Our experimental results illustrate 
that, upon the reduction of PPy(DBS), the surface tension gradient across the droplet contact line induced Marangoni 
stress and caused the deformation of droplets even at low voltages. We envision that the electrochemical redox 
process on smart polymers demonstrated in this work can open a new door to a low voltage manipulation of liquid
droplets for digital microfluidic applications.

KEYWORDS
Digital microfluidics, Droplet actuation, Tunable wetting, Conjugated polymers, Marangoni stress, Microchannel

INTRODUCTION
For micro-scale fluid transportation, the control of interfacial energies becomes an important issue. The 
electrowetting on dielectric (EWOD) technique has been shown to manipulate individual droplets on dielectric 
surfaces [1]. EWOD requires relatively high actuation voltages (12-80V) , which may hamper its compatibility with
biomedical applications as well as device portability for direct field applications [2]. Therefore, investigation of an 
alternative mechanism operational with lower actuation voltages (e.g., ~1.5V obtainable by a standard battery)
would be extremely beneficial. Manipulation of an organic droplet at ultra-low voltages using a switchable wetting 
surface has been demonstrated and analyzed in the previous research[3]. To extend the capability of the proposed 
actuation mechanism for practical applications[4-6], investigations were performed to study the manipulation of an 
aqueous droplet upon reduction and oxidation reactions (redox) of conjugated polymers. Herein, we demonstrate a 
novel tunable wetting mechanism using a smart polymer – dodecylbenzenesulfonate-doped polypyrrole (PPy(DBS)) 
– for manipulating liquid droplets at ultra-low-voltages (<0.6V) towards advanced digital microfluidics. 

EXPERIMENT
The PPy(DBS) substrate was prepared by the electrochemistry approach [3]. In this study, we tested the 
manipulation of a droplet of salt water surrounded by an immiscible organic fluid, bulk dichloromethane (DCM, 
CH2Cl2), and successfully demonstrated movement of the droplet in a tilted PPy(DBS) microchannel configuration. 
The microchannel assembly was set in DCM solution for continuous redox processes (Figure 1). To manipulate an 
aqueous droplet, the PPy(DBS) substrate was set as a working electrode and the top Au electrode was assigned as a 
counter electrode. The 263A potentiostat was programmed with pulse potentials controlled by the PowerSuite 
software (Princeton Applied Research).

RESULT AND DISCUSSION
The surface state of PPy(DBS) can be ‘tuned’ via re-orientation of its surfactant dopant molecules, 
dodecylbenzenesulfonate (DBS) [7], as shown in Figure 2 , with applied voltages of -1.5~0.6V. Figure 3 illustrates 
the droplet behaviors on the leveled (non-tilted) stage. Initially, the PPy(DBS) surface remains oxidized (Figure 3a). 
For a complete reduction of PPy(DBS) film, sodium ions (Na+) in the liquid need to move into the PPy(DBS) for 
charge neutralization [8]. When a salt water droplet is dispensed on the PPy(DBS) surface, sodium ions would be 
available only on the area covered by the droplet. Therefore, the PPy(DBS) surface underneath the droplet would be 
fed by sodium ions from salt water when the reductive potential is applied. On the other hand, the PPy(DBS) surface 
exposed to DCM remains oxidized, since no such ions would be available on the area outside the salt water droplet. 
This selective supply of sodium ions creates dissimilar surface states across the droplet contact line as shown in 
Figure 3b. The surface tension gradient, i.e., the Marangoni stress causes the liquid to flow away from regions of 
low surface tension towards regions of high surface tension. Since oxidized PPy(DBS) possesses lower surface 
energy than reduced PPy(DBS) [3], the induced Marangoni stress drives the contact line inward (i.e. from oxidized 
PPy(DBS) to reduced PPy(DBS) surface). The contact angle of the droplet is increased from θwo to θwo’ due to mass 
conservation. Controlling the contact angle via the Marangoni effect is the basis of our droplet manipulation concept,
and has not been employed or engineered elsewhere for digital microfluidics.

While the deformation of an aqueous droplet can be manipulated in a leveled microchannel via the low-voltage 
redox process of PPy(DBS), additional force, e.g. unidirectional buoyant force, is introduced to the droplet for lateral 
manipulation. Figure 4 shows the case of a droplet (0.1M NaNO3) on a tilted stage, which settles the droplet at an 
“unbalanced” condition. The voltages of 0.6V and -1.5V were chosen as oxidative and reductive potentials,
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respectively. With a reductive potential, the droplet started moving to the right side (Figure 4b, 4c), while the droplet 
was in a stable state with an oxidative potential (Figure 4d). As explained in Figure 3, the application of a reductive 
potential increases the contact angle in the uphill side up to its advancing contact angle, which reduces surface 
friction, causing the droplet to move to the right by the upward buoyant force (Figures 4b, 4c and 4e). With an 
oxidative potential, the droplet is in a stable state, since the induced surface tension gradient has disappeared 
(Figures 4a and 4d). 

Based on the results obtained in this work, we are currently working on demonstrating controlled manipulation (i.e. 
cut, transport, merge) of liquid droplets on the PPy(DBS) surface with underlying patterned electrode arrays (Figure 
5).

Quartz cell

Sample Holder

(a) (b) (c)

Figure 1: (a) Stage for the microchannel configuration. (b) Custom-designed sample holder for droplet manipulation. 
(c) Goniometer with video recording capability is equipped with an auto-dispensing system and a 
temperature/humidity control chamber.

(polar sulfonic acid group => hydrophilic)

DBS: dodecyl-benzene-sulfonate

Reduced 
PPy(DBS)

Reduced 
PPy(DBS)

Oxidized 
PPy(DBS)

Oxidized 
PPy(DBS)

DI water Organic fluid

Hydrophilic Hydrophobic Lipophobic Lipophilic

+ +

Na+ Na+

(a) (b)

Figure 2: Surface state of PPy(DBS) switched between hydrophilic and hydrophobic (or between lipophobic and 
lipophilic). (a) Oxidation of the PPy(DBS) film increases the contact angle of a water droplet (hydrophobic). (b) The 
contact angle of an organic fluid droplet is decreased on oxidized PPy(DBS) surface (lipophobic). The key idea in 
this work is to utilize the tunable electrochemical reactions of PPy(DBS), whose surface wetting properties can be 
reversibly controlled in situ.
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Figure 3: Droplet manipulation mechanism: (a) a 0.1 M NaNO
3

aqueous droplet placed between the top electrode 
and PPy(DBS) (microchannel configuration); (b) When a reductive potential is applied on the PPy(DBS) substrate, 
the contact line moves inward due to induced Marangoni stress. The droplet contact angle is then increased as the 
contact radius is decreased. θ

ow 
is the contact angles of a 0.1M NaNO

3
droplet on the oxidized PPy(DBS) (θ

ow
’ on the 

reduced PPy(DBS)).

 864



Time (Second) 2 s

-1.5 V

0.6 V

E 
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Pinning state

Moving state

(a)

(b) (c)

(d)

(e)

Oxidized PPy(D.S) Electrode 0.1M NaNO3weduced PPy(D.S)

4°

(a) (b) (c) (d) (e) 500 µm

Figure 4: (Top) Lateral transportation of a salt water droplet on a tilted PPy(DBS) surface upon redox.(θ: static 
contact angle; θadv: advancing angle; θrec: receding angle); (Center) Captured images of an aqueous droplet dispensed 
between parallel plates within DCM environment with a square pulse potential. The stage is tilted by 4°. This angle 
is much smaller than the angle required to moving the droplet solely by buoyant force (approximately 25°); (Bottom) 
Elapsed timeframe vs. square pulse potential.

Figure 5: Conceptual schematic of a single operation unit (side view): Upon application of a reductive potential to an 
electrode, the induced Marangoni stress drives the contact line on the reduced PPy(DBS) surface to the left. The 
resulting asymmetric deformation of droplet establishes a pressure difference inside liquid, giving a rise to the 
droplet movement to the left (away from the activated electrode).
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DESIGN AND FABRICATION OF A CD-LIKE DISPOSABLE 
MICROFLUIDIC PLATFORM FOR SERIAL DILUTION 
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1University of Virgin1, 2Georgia Institute of Technology, USA 
 

Interest in Lab-on-CD technology has been escalated by application to real world problems, with advantages 
including low-volume consumption of reagents, miniaturization, improve portability, multiplexing the assays and 
potential for automation, while one of the major technical challenges is the manufacturability in a cost-effective manner.  
In this work, we used polyester transparency (overhead transparency film) as substrate and printer toner as adhesive 
material to fabricate lab-on-CD device rapidly and with a low cost.  By simply controlling the rotation speed, the 
microchip can meter from 200 nL to 2 μL liquid and serially dilute a sample in parallel with a coefficient of variation 
(CV) less than 5%. 

KEYWORD: 
Lab on CD, polyester-toner microchip, centrifugal, hydrophobic valving, overflow metering, dilution 

INTRODUCTION 
Serial dilution involves the stepwise dilute of a solution with 

a constant dilution factor in each step, resulting in a geometric 
progression of the concentration.[1]  It has been an 
indispensable procedure intensively used for quantitative 
analysis in biochemistry, pharmacology and homeopathy.[2,3]  
The conventional method for serial dilution requires many 
repeating pippeting steps, rendering the process time-consuming 
(half hour to several hours) and labor-intensive, and for each 
dilution step, it consumes hundreds of microlitter reagent, adding 
up the cost per test.  

Lab-on-a-Chip (LOC) technology has been bolstered in the 
last decade by the ability to control flow through active or 
passive valving.  The advantages of LOCs include low fluidic 
volume consumption, improved portability, and potential for 
automation.  Previous work on serial dilution in microdevices 
was focused on preparation of buffer environment where laminar 
flow was involved; as a result, the dilution process was limited by 
the diffusion rate of the analytes (e.g., DNA and protein have slow diffusion rates).[4]  In this work, we designed and 
functionalized a CD-like polyester-toner (PeT) microchip where flow is controlled by centrifugal forces to achieve an 
automated, parallel serial dilution with accurate volume control (Figure 1). 

  
EXPERIMENTS 

The PeT microchip can be easily fabricated with simple instrumentation and costs less than 1 USD per microchip 
(Figure 2), thus it can be used as disposable cartridge.  Various centrifuge fluidic functions have been introduced on this 
CD-like PeT microchip: (1) hydrophobic valving: while the native surface overhead transparency film is hydrophilic, 
modification of the channel surface can be conveniently achieved by mass-printing hydrophobic printer toner patches on 
the PeT sheet. (2) Metering by overflow method and (3) chaotic mixing.[5]  Control of the fluidic delivering was 
achieved by simply manipulating the rotation speed of the CD-like polyester-toner microchip.  There are two steps 
involved in the process: metering and mixing.  When the microchip is spun at 400 rpm, it generates enough pressure to 

Figure 1: Schematic of the microfluidic network 
on a centrifugal CD-like PeT metering microchip. 
Gray bars represent hydrophobic patches on the 
channel surface. 
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Figure 2: Schematic showing assembly of a dilution microchip, consisting of polyester transparent film and printer 
toner.  The top, 3rd and bottom layers are transparency film, first patterned by printer toner to define the 
hydrophobic zones.  The 2nd and 4th layers are transparency film which is uniformly coated with toner by both 
sides.  Laser-ablation is used to create micro-structures on each layer.  Thermal lamination was by a standard 
laminator. 

Figure 3: Image of 3 μL water 
droplet on polyester film 
(CG5000; 3M) without (A) and 
with (B) toner-coated surface.  

burst only the hydrophobic valves that are connected to the waste chambers which retain the liquid in the metering 
chambers and remove the excessive volume.  The retained volumes are geometrically defined by the dimension of the 
metering chambers.  In the mixing step, the spin speed increases to 800 rpm, the burst valves connected to the metering 
chambers are open, allowing the metered liquids in sample layer and buffer layer passing through the chaotic mixing 
zone and flowing to the diluting chamber. (Figure 4) 

Colorimetric image analysis was used to quantitatively validate the metering and dilution performance of the CD-like 
microchip.  It is confirmed that by changing the geometry of the metering chambers, volume ranges from~200 nL to 
2000 nL could be metered.(Figure 5)  A two-fold serial dilution of one sample across four to eight different 
concentrations was generated simultaneously on a disc PeT microchip in 2 min requiring less than 30 uL sample and 
reagent in total.(Figure 6). The actual dilution ratio correlates with the calculated ones with a CV smaller than 5%.  Due 
to the intrinsic of parallel metering microfluidic network, this method is free from the error propagation which exists in 
other serial dilution methods. 

Current effort includes integrating colorimetric assays (e.g, protein or antibody) will be integrated on this CD-like 
microchip.  By depositing different indicators in the dilution chamber, this CD-like microchip can potentially quantify 
target analytes in the blood or urine.  The low requirement of manual intervention of this assay could greatly lighten the 
workload and minimize potential human exposure to high-risk biohazardous material.  When combined with detection 
system, this cost-effective assay will provide a simple strategy for a rapid point-of-care diagnosis. 
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Figure 5: Validation of metering performance.  
Comparison of empirical volume with calculated 
metered volume (n=4).  The chip was scanned in color 
and image was imported into Wolfram Mathematic 8. 
Calibration curve correlating pixel number with 
metering dye volume was used to quantitatively 
determine the actual metering volume in the microchip. 
 

Figure 6: Validation of dilution performance. 
Comparison of empirical dilution with calculated 
metering (n=4).  Blue and green dyes were loaded to 
the microchip to mimic the sample reagent and buffer 
reagent, respectively.  Calibration curve correlating 
the mean intensity of the Hue in the detection zone was 
used to calculate the actual mixing ratio in the chip. 

Figure 4: Schematic illustration of liquid 
metering.  (I) Reagent primes the channel 
by capillary force but stops when it 
encounters the hydrophobic zone.  (II) 
Depletion of excess liquid via the overflow 
at low spin rate.  (III) 
Geometrically-defined volume of liquid is 
delivered by increasing rotating speed 
(high spin rate) to provide enough pressure 
to burst the valve.  Yellow dye was used to 
mimic the sample liquid for better 
visualization 
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ABSTRACT 
Centrifugal microfluidic plasma separation from whole blood is improved by minimized resuspension of cells. Plasma 

supernatant is removed by an air pressure mediated coating free siphon. Fluid dynamic characteristics are predicted by 
numerical simulation on a system level approach enabling reliable separation for a hematocrit range between 20 % and 
60 %. Separation of 40 µl of whole blood with 60 % hematocrit resulted in the following characteristics (compared to 
previous centrifugal microfluidic approach [1]): Separation time of 43 s (120 s), plasma yield of 88 %, cv = 4 % (< 83 %, 
cv = 6 %) and purity of 99.8 %, cv = 0.1 % (99.5 %). 
 
KEYWORDS 

Centrifugal microfluidics, pneumatic, whole blood, plasma separation 
 
FUNCTIONAL PRINCIPLE 

Plasma separation is essential for sensitive analysis due to inhibitory effects of hemoglobin and erythrocytes. Existing 
centrifugal methods (Fig. 1) require long phases of low deceleration after sedimentation to avoid resuspension of cells and 
they require hydrophilic surface treatment to enable capillary priming of siphons [1; 2]. By employing a 
centrifugo-pneumatic siphon, a gas bubble is enclosed and compressed (Fig. 2) when the blood sample is loaded into the 
sedimentation chamber. After sedimentation, the rotational speed is only slightly reduced so that the compressed air 
bubble expands and quickly displaces the plasma through an adjacent siphon.  

 

 
Figure 1: Benchmark – Live images of the state-of-the-art plasma separation process: (1) after loading of the blood 

sample, (2) after sedimentation and (3) during siphon priming [1]. The method employs capillary primed siphon valving 
that requires surface treatment.

 
Figure 2: Live images of the new plasma separation process applying the centrifugo-pneumatic siphon:    

(1) loading of the blood sample, (2) bubble compression, (3) after cell sedimentation and (4) at the end of plasma 
collection. The centrifugo-pneumatic siphon enables fast valving without any surface treatment.  
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In contrast to the previous approach, the plasma supernatant is thereby removed at high centrifugation, which avoids 
resuspension of cells ensuring high purity of the plasma. A “safety range” of the siphon (Fig. 2 (2)) prevents premature 
siphon priming during the loading phase which occurs if high rotational frequencies are not reached fast enough. In this 
case, the whole blood is loaded into the sedimentation chamber immediately and primes the siphon already during the 
loading phase due to insufficient bubble compression. 
 
MODELING AND SIMULATION 

A network based simulation is performed to optimize the geometries and to derive a spin protocol (Fig. 4) that ensures 
reliable performance for hematocrit values between 20 % and 60 %. The microfluidic structure is broken down to single 
fluidic elements: a sample reservoir, sedimentation and compression chambers, a collection chamber and connecting 
channels with either radial or tangential orientation. The total pressure across each fluidic element is computed by 
ptotal = pcentrifugal + pEuler + pviscous + pinertial + pcapillary.  

The enclosed air bubble is modeled as an ideal gas with (p0 + Δp) · (V0 - ΔV) = p0 · V0 where p0 = 1013 hPa is the 
ambient pressure, V0 = 60 μl is the initial bubble volume, ΔV is the volume change and Δp is the pneumatic overpressure 
that is used to prime the siphon. 
 
EXPERIMENTS 

All experiments were carried out in 4 mm thick PMMA disks with milled fluidic structures sealed with a pressure 
sensitive adhesive polyolefin foil (#900320, HJ Bioanalytik, Germany). Channel cross-sections were 250 µm × 250 µm 
and chambers had a depth of 1.5 mm. 40 µl of human whole blood with hematocrit values between 20 % and 60 % were 
processed at spinning frequencies of 75 Hz for cell sedimentation and at 25 Hz for plasma collection, while the acceleration 
and deceleration were set to 32 Hz·s-1.  

Live image acquisition was performed with a stroboscopic optical setup grabbing one image per revolution. In order to 
determine the hematocrit of the extracted plasma, the remaining blood cells were chemically lysed with Triton X-100. In a 
subsequent spectrometric measurement, the characteristic 576 nm band of hemoglobin was evaluated as a measure of the 
hematocrit. 
 
RESULTS 

Fig. 3 shows that experimental filling level dynamics during the plasma separation process are in good agreement with 
simulation. It was predicted by simulation that the safety range was maintained for hematocrit values between 20 % and 
60 %. This was also proven experimentally. 
 

 
 

Figure 3: Optimized spin protocol and simulated and measured fill levels in the compression chamber and in the 
siphon. The safety range prevents premature siphon priming and thus ensures reliable performance. It was first derived 
from simulation and then proven experimentally. The high rotational frequency of 25 Hz during plasma collection 
prevents Euler force induced resuspension of cells ensuring high purity. 
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Fig. 4 schematically illustrates the optimized spin frequency protocol that has been derived from simulation and 
experimental data. It includes all effects that have to be considered for successful operation. Premature siphon priming due 
to insufficient bubble compression and Euler force induced resuspension of cells due to fast deceleration at low rotational 
frequencies has to be prevented. Undesired air entrapment in the siphon due to instability of the plasma-air interface at the 
siphon outlet may occur if the rotational frequency during plasma collection is too high. Tab. 1 summarizes the improved 
characteristics compared to the state-of-the-art method. 

 

 
 

Figure 4: Optimized spin protocol for the plasma separation from whole blood. The protocol minimizes the risk of 
undesired effects which are: (A), (B) premature siphon priming due to insufficient bubble compression, (C) Euler force 
induced resuspension of cells, (D) no siphon priming and (E) air entrapment in the siphon. For fail safe operation, the 
frequency must not enter the shaded area. Numbers refer to the live images in Fig. 2. 
 

   Table 1: Comparison of the state-of-the-art plasma separation process with a capillary siphon valve to the new 
centrifugo-pneumatic process. 
 

 
 
 
 
 
 
 
CONCLUSION 

Centrifugo-pneumatic siphon valving in centrifugal microfluidic systems significantly improves plasma separation 
from whole blood and can potentially also be used for the separation of other kinds of dispersions. Network modeling 
and simulation was demonstrated to optimize the fluidic layout of the plasma separation module and might have great 
potential to be applied for optimization of other centrifugal microfluidic modules, as well. Since the working principle is 
not based on capillary action, the centrifugo-pneumatic siphon makes surface treatment obsolete and thus enables 
low-cost fabrication and longtime storage of the microfluidic disk.
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 Capillary siphon [1] New centrifugo-pneumatic siphon 
Surface coating required Yes No 
Process duration 120 s 43 s 
Yield < 83 % (cv = 6 %) 88 % (cv = 4 %) 
Purity 99.5 % 99.8% (cv = 0.1 %) 
Hematocrit < 52 % 60 % 
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ICE DROPLET COLLIDER: ULTIMATE ACCELERATION OF DROPLET 
USING MICROSCALE PHASE TRANSITION  

FOR CHEMICAL REACTION BY KINETIC ENERGY 
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ABSTRACT 
    We here report on ice droplet collider which uses kinetic energy of the highly accelerated ice droplet for 
chemical processes by colliding with the target. The method for controlling the ice droplet in gas phase by using 
microscale phase transition was created. It was confirmed that work given by air pressure directly converts to kinetic 
energy of the ice droplet. The ice droplet which was accelerated to velocity of 16 m/s at P  400 kPa of air pressure 
can get 100 kJ/mol of kinetic energy by using high-pressure system. Chemical reaction can be realized by using this 
energy for collision. 
 
KEYWORDS 
Phase transition, droplet, chemical reaction, supercooling.  

 
INTRODUCTION 

Conventional microfluidic devices use molecular diffusion, viscosity of fluid and interfacial tension for chemical 
processes [1]. In contrast, micro droplet collider which has been developed in our laboratory uses kinetic energy of 
an accelerated liquid droplet by colliding with the target [2]. While it achieved enhancement of mixing between two 
droplets having a large volume ratio by using spatial-temporal localized energy in the collision, it was able to obtain 
only 1/500 of energy required for chemical reaction because velocity of the liquid droplet was limited to 2 m/s due to 
its breakup by shear force with a microchannel. To realize chemical reaction, we propose to accelerate an ice droplet 
which does not break up using solid-liquid phase transition in a microchannel. The collision energy of the highly 
accelerated ice droplet can be used for chemical reaction or mechanical processing in microchannel. However, there 
are few reports about the method for controlling ice droplets in the air in the microchannel. In this paper, we report 
on the method of shooting the ice droplet in the microchannel and discuss about potential to apply kinetic energy of 
the ice droplet to chemical reaction. 

 
THEORY 

 The ice droplet is shot by detaching from wall of the narrow channel (Figure 1). We propose the ice acceleration 
model that the dynamics of the ice droplet obeys the energy conservation law. which means that the work given to 
the ice droplet before shooting directly converts to kinetic energy of the ice droplet. Velocity of the ice droplet (u) is 
represented as function of applied pressure (P) calculated by using equation (1). 

 

                     PSlSlu
2
1

2
1 2                           (1) 

 
where , A and l are density, cross section and length of the ice droplet, respectively. Kinetic energy of the ice 
droplet after shooting is the left side of the equation (1) and work given to the ice droplet by applied air pressure and 
shear force from channel wall is the right side. Therefore, the velocity is proportional to square root of applied 
pressure. 
 
EXPERIMENTAL 
    Figure 1 shows the experimental setup for the ice droplet collider system. A microchip for the ice droplet 
collider device is composed of three parts: a droplet launcher, an ice droplet launcher and a collision chamber. The 
droplet launcher and the collision chamber were reported by our group before [2]. Liquid handling is based on the 
gas-liquid Laplace pressure in the microchannel whose inner surface is modified hydrophobically with an 
amorphous fluoropolymer (contact angle: º). To make the ice droplet launcher which needs to detach the ice 
droplet from the channel wall simultaneously, both the upper and the lower substrate were fabricated by the two step 
photolithographic wet etching technique. The microchip was partially cooled to make an ice droplet from accelerated 
liquid droplet by the cooling system using circulating liquefied nitrogen and electrically heating. The area of the 
cooling part was provided by the size of the copper block. The motion of the ice droplet was captured by the 
high-speed camera with 50,000 fps sampling rate and 1/155,000 s shutter speed at the ice droplet launcher. 
    The ice droplet is controlled by applied air pressure and ice adhesion strength on the glass substrate. (1) The 
droplet accelerated by 50 kPa of air pressure is solidified at27 ºC from the supercooling state and stops in the 
narrow channel (70 m wide and 30 m deep) because ice adhesion strength is much larger than applied air pressure. 
(2) To transport the ice droplet to the ice droplet launcher, ice adhesion strength is weaken by forming liquid layer 
with warming the cooling part up to near the melting point (ºC) and 100  400 kPa of air pressure was applied. (3) 
At the ice droplet launcher, the ice droplet is shot to the wide channel (90 m wide and 50 m deep) when it is 
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detached from the channel wall simultaneously. (4) At the collision chamber, kinetic energy of the ice droplet 
converts to collision energy in the collision event. 
 
 

 
 
 
 
RESULT AND DISCUSSION 
    Figure 2 shows the time series 
images of shooting of the ice droplet by 
applying 400 kPa of air pressure.   
The rear end of the ice droplet was 
attached to the narrow channel at t t0. 
After detachment of the ice droplet 
from the narrow channel, the ice droplet 
was accelerated without friction from 
the channel wall (t t0 0.06 ms) and 
reached constant velocity (t t0 0.12 
ms). The shooting of the ice droplet was 
confirmed because the ice droplet did 
not change its shape at the ice droplet 
launcher. Head positions of the ice 
droplet were estimated from the 
sequences of the captured images and 
velocity was plotted against the head 
positions of the ice droplet (Figure 3). 
The ice droplet was instantaneously 
accelerated to constant velocity of 16 
m/s while velocity of a liquid droplet 
was constant at the ice droplet launcher. 
The ice droplet which was 70 times 
faster than the liquid droplet had 
4,900times larger energy at the same 
condition. These results proved that the 

Figure 2. Shooting of an ice droplet at P = 400 kPa. 
(a) Schematic illustration of the experiment. 
(b) – (e) Time series images of the ice droplet shooting. 

Figure 1. Experimental setup for the ice droplet collider system. 

ice droplet was accelerated much more efficiently than the liquid droplet. 
Figure 4 shows applied air pressure dependency of velocity of the ice droplet. The experimental data agreed 

with the theoretical curve which obeyed energy conservation law. From the result, it probed that the ice droplet was 
efficiently accelerated without energy dispersion with surrounding air. Considering with the model, the ice droplet 
which was accelerated to velocity of 16 m/s at P  400 kPa of air pressure can get 100 kJ/mol of kinetic energy by 
using high-pressure system [3]. Chemical reaction can be realized by using this energy for collision.      
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Figure 4. Velocity of the ice droplet as 
function of applied air pressure compared 
with theoretical estimation for energy 
conservation law. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3. Velocity of the ice droplet or the 

liquid droplet at the ice droplet launcher 
at P  400 kPa. 

 
 
 
 
 
CONCLUSION 
    In this report, we created the method for controlling the ice droplet in gas phase by using microscale phase 
transition and confirmed that work given by air pressure directly converts to kinetic energy of the ice droplet. The ice 
droplet which was accelerated to velocity of 16 m/s at 400 kPa of air pressure can get 100 kJ/mol of kinetic energy 
by using high-pressure system. Chemical reaction can be realized by using this energy for collision. 
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ABSTRACT 
This work describes the use of colored toner to produce disposable microchips electrophoresis (ME) devices. 

Colored ME devices were fabricated in polyester-toner (PT) using a color LaserJet printer. PT devices were printed 
in black, yellow, magenta, and cyan. The toner composition and effect of printing process (thickness and roughness 
of the toner layer) were evaluated and compared with PT devices produced by a monochromatic laser printer. The 
analytical performance of colored PT devices was investigated with a capacitively coupled contactless conductivity 
detector (C4D) to monitor separations of a mixture containing inorganic ions. 

 

KEYWORDS: Electrochemical detection, Microchip electrophoresis, Microfabrication. 
 

INTRODUCTION 
Due to their impressive potential to fabricate microfluidic devices at very low cost, toner-based techniques have 

received considerable attention in the last years [1-3]. Polyester-toner (PT) electrophoresis devices have been fabri-
cated by a direct-printing process [1] using just a computer, a laser printer, a laminator, and a paper driller. PT de-
vices have exibilithed a great potential to be coupled with electrochemical, mass spectrotrometry and fluorescence 
detectors for analytical and bioanalytical applications [4]. Besides their low cost and instrumental simplicity, PT de-
vice has presented some disadvantages. When compared to to the most popular substrate materials such PDMS and 
and glass substrates, PT microchips have shown lower separation efficiency and electroosmotic flow (EOF) as well 
as poor injection-to-injection repeatability [2]. The low EOF on PT has been successfully explored to promote the 
sequential separation of DNA fragments using the same polymeric matrix [5]. To overcome the problems mentioned, 
we investigated the use of a colored laser printer to produce PT device instead a monochromatic laser printer. 

 

EXPERIMENTAL
Colored PT devices were fabricated by a direct-printing process [4] using a color LaserJet printer (model HP 

CP1515n, Hewlett Packard) with 1200-dpi resolution. PT microchannels were printed in CMYK standards (cyan, 
magenta, yellow and key-black) with 250-µm wide and 10-µm deep. The injection and separation channels were 10 
and 50 mm long, respectively. A double-T injector with 200-µm gap was used for all experiments (Figure 1). For 
evaluating the analytical performance, PT devices were coupled with a C4D system to monitor separations of a mix-
ture containing alkaline-metal cations (K+, Na+ and Li+). Microchannels were initially filled with buffer solution by 
capillary action. Then, running buffer was added in all reservoirs and all channels were preconditioned during 5 min 
under application of voltage of 1.0 kV. Injection and separation voltages were generated using a high-voltage power 
supply (C40, EMCO, Sutter Creek. CA, USA). Electrokinetic sample injection was controlled by a program written 
in LabVIEW version 8.0. All experiments were performed at the room temperature. Contactless conductivity meas-
urements were carried out by applying a sinusoidal wave of 400 kHz with 5 Vpp amplitude to the excitation electrode. 
The resulting signal was pickup at the receiver electrode, amplified and sent to the data acquisition interface (USB-
6009 model, National Instruments, Austin-TX, USA). Detection electrodes were produced with adhesive copper tape 
with width of 1-mm (each). Copper tapes wwere cut and fixed on the top of PT device in an antiparalel orientation, as 
depicted in Figure 1. 

 

   
Figure 1. Example of a PT electrophoresis microchip fabricated using the color laser printer. The labels e0 and e1 
represent the copper adhesive tape electrodes for contactless conductivity measurements. 
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RESULTS AND DISCUSSION 

Basically, the main difference between the toner from monochromatic and color laser printer is related to the 
chemical composition. It is well known that toner from monochromatic printers is composed of iron oxide and a 
polymeric mixture. Oppositely, the composition of the color toner is based on a mixture of polymer with silica. The 
difference in terms of the toner composition directly affects the EOF magnitude. The EOF values recorded for for 
colored chips (ca. 410-4 cm2V-1s-1) were ca. 20% higher than those obtained with monochromatic chips.  

Besides the chemical composition, the colored toner layer has exhibited lower thickness and roughness, when 
compared to the toner from monochromatic laser printers. The channel depth produced by both monochromatic and 
color laser printers has been estimated to be 7 ± 1 µm and 4 ± 1 µm, respectively. On the other hand, the toner sur-
face roughness values were calculated to be around 1.20 ± 0.50 µm and 0.24 ± 0.05 µm for monochromatic and color 
printers, respectively. Figure 2 depicts the channel profile for PT devices printed in black, magenta, cyan, and yellow. 
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Figure 2. Profilometric measurements of the PT channels printed with a color laser printer. Labels A, B, C and D indi-
cate the yellow, cyan, magenta, and black devices, respectively.  

Figure 3 depicts electropherograms the separation of inorganic cations in all colored PT devices. It can be seen 
that all cations were successfully separated within 40s with a good baseline resolution. Separation efficiencies for all 
cations ranged from 14,000 to 52,000 plates/m in all colors investigated. Black toner devices have provided the low-
est EOF and separation efficiency when compared to other colored PT devices. These effects have been associated to 
the toner chemical composition as well as the uniformity of the printed channel.  
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Figure 3. Examples electropherograms recorded in all colored PT device. Electrokinetic transport: 10-s injection at 
1.0 kV; separation at 200 V/cm. The values for the total and effective length of the separation channel were 5.0 and 
4.3 cm, respectively.  

 
CONCLUSIONS 

Overall, it has been shown that the analytical performance of PT electrophoresis microchips can be improved by 
using a colored laser printer in the fabrication process. Colored ME devices present differences in terms of toner 
chemical composition. In addition, when compared to the toner layer from monochromatic laser printers, colored 
toner layers are smother and thinner. All these effects have contributed to enhance the analytical parameters of elec-
trophoretic separations on PT devices. Among all colors, yellow toner has provided better defined channels. Future 
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studies will focus on the analysis of more inorganic cations even as the validation of an analytical methodology for 
quantitative analysis. 
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Figure 1: Experimental setup for observation of drop formation in a CDSD. The setup is composed of a 
nano-pulse strobe-scope, a magnetic pickup-sensor, a trigger circuit, a centrifuge equipped with the CDSD, and 
a microscope connected with a high-speed camera. When the CDSD passes under microscope, a storobe-flash 
pulsates for 180 ns and the capillary tip is captured in a high-camera through the microscope. 

Instantaneous Solidification of a Centrifuge-driven Capillary Jet with 
Controlled Hydrodynamic Instability in a Centrifuge-based Droplet Shooting 

Device through Observational Analysis 
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ABSTRACT 
  This paper reports an observational analysis on droplet formation from a capillary-jet driven by centrifugal-gravity 
in a CDSD (Centrifuge-based droplet shooting device), and controlled synthesis of microbeads by instantaneous 
solidification of a sodium alginate solution jet breaking into drops owing to hydrodynamic instability. Our analysis 
may deepen understanding of micro capillary-jet and enable flexible fabrication of fluidic-based polymeric 
microbeads. 
 
KEYWORDS 

Microfluidics, Microfabrication, Highspeed videography, Hydrodynamic instability 
 
INTRODUCTION 

Microfluidic processing is a powerful approach for microparticle production in various fields such as chemical 
and biological analysis, optics and tissue engineering [1,2]. To provide particles with specific functions, enormous 
variety of the fluidic devices, mainly having flow focusing or T-junction geometries, have been prototyped based on 
extensive experimental/theoretical analysis on fluid behavior in microscale [3]. Among those devices, a CDSD 
(Centrifuge-based droplet shooting device) has been proposed for the synthesis of monodisperse anisotropic 
microparticles and fibers [4]. The CDSD is constructed from a centrifugal-tube, a glass capillary, and an acrylic 
holder for the capillary (Fig.1). A capillary is filled with a sodium alginate solution. A CaCl2 solution is introduced in 
the bottom of the centrifugal-tube. Under centrifugation, the solution is ejected from the capillary by centrifugal 
force and form droplets. The droplets are immediately solidified in a CaCl2 solution into calcium alginate particles. 
In spite of this simple procedure of particle fabrication, however, the process of droplet formation and related 
physics in the CDSD has not yet been revealed owing to lack of observational analysis. Here, we present direct 
observation of drop formation in the CDSD under centrifugation by high-speed videography. Using the observational 
setup, we analyzed two distinct droplet formation processes in the CDSD, jetting and dripping. Furthermore, we 
confirmed the jetting regime provides smaller particles than the dripping regime Our observational analysis and 
demonstration suggest the CDSD could be a further useful tool for an analysis of fluid mechanics of a micro liquid 
jet under ultrahigh-gravity and fabrication of polymeric microparticles. 
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Figure 2: Images of a capillary tip ejecting a sodium alginate solution in a CDSD under centrifugation captured 
in a high-speed camera. (a) The holder and the capillary of the CDSD. (b) Jetting regime of droplet generation. 
(c) Dripping regime of droplet generation. In jetting regime, droplets are formed in the break-up of a fluid pipe. 
In dripping regime, droplets are directly formed at the capillary orifice. 

OBSERVATIONAL SETUP 
For the observation of drop formation in the CDSD, we assembled a simple setup using a strobe-scope (Fig. 1). 

The setup is composed of a nano-pulse strobe-scope, a magnetic pickup-sensor, a trigger circuit, a centrifuge 
equipped with the CDSD, and a microscope connected with a high-speed camera. When a centrifuge-rotor passed 
near the sensor, the sensor generates a voltage by electromagnetic induction. The circuit converts the voltage to a 
stable square wave which activates the strobe-scope to emit a strobe-flash from a strobe guide under the CDSD. The 
CDSD is set to pass under the microscope in its focus point at the same moment. Thus, when the strobe-flash 
pulsates, the capillary-jet in the CDSD under the strobe-flash is captured in the high-speed camera through the 
microscope.  

The strobe-flash duration is 180 ns once in every rotation. In our system, this short flash duration enables 
videography with finer than 2 μm resolution at 2000 rpm centrifugation. A liquid tank is connected to the capillary in 
the CDSD to calculate flow rate of the capillary jet by measuring the change of the liquid volume. The resolution 
could be improved by using a strobe-scope with short strobe-flash duration. 

 
VIDEOGRAPHY 

Using the observational setup, we successfully captured two distinct processes of droplet formation from a 
capillary in the CDSD, jetting and dripping. In the jetting regime (Fig. 2a), the liquid is ejected from the capillary in 
a form of fluid pipe which eventually breaks up into a droplet stream. The mechanics of the break-up is explained by 
Plateau-Reyleigh instability [5,6]. On the other hand, in the dripping regime (Fig. 2b), a drop is formed at the 
capillary orifice and detached when centrifugal force surpasses surface tension force exerted on the drop. Through 
the videography, we confirmed high liquid flow rate tends to cause jetting. This phenomenon corresponds to the 
well-known capillary jet behavior that jetting occurs when inertia is dominating in a liquid jet, while it turns dripping 
when the flow rate decreases and surface tension becomes dominating. In our system, liquid flow rate is dependent 
on centrifugal gravity. Thus, a precision control of centrifugal rotational speed could provide tunability of the two 
flow regimes since high rotational speed produces a large centrifugal force exerted in a fluid in a capillary which 
generates high flow rate of the capillary jet. 

At the same centrifugal rotational speed, a liquid jet with high viscosity tends to undertake dripping since the 
flow rate is slow. From the capillary with 100 μm diameter orifice, 3% (w/w) sodium alginate solution takes dripping 
form at all rage of rotational speed (0 – 670 rpm). 

 
PARTICLE FABRICATION 

To evaluate the difference in size of particles obtained from droplets in jetting regime and that of dripping regime, 
we fabricated particles by solidifying droplets of 2.0% (w/w) sodium alginate solutions in a CaCl2 solution ejected 
from capillaries with various orifice diameters in the CDSD. In this experiment, we observed jetting in all the trials. 
As Fig. 3 shows, the capillary orifice diameter is linearly correlated to particle diameter. This linear correlation 
corresponds to the well-known mechanics of liquid jet breaking up into droplets [6]. Compared with dripping regime 
in which capillary nozzle diameter is linearly correlated to the cubic root of droplet diameter [4], capillary jet 
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produces smaller droplets under the same centrifugal gravity. The flow rate of capillary jet did not influence on the 
particle diameter. Thus, the control of jetting regime by changing centrifugal gravity could enable flexible control on 
the droplets diameter. 
 
CONCLUSION 

In conclusion, we successfully observed droplet formation processes from a capillary-jet in the CDSD using a 
triggered strobe-flash system, and analyzed dripping and jetting regimes of the capillary jet and the size of 
microparticles from droplets obtained in the jetting regime. We confirmed the liquid jet in the CDSD follows 
established theories of fluid mechanics, and particle size can be flexibly controlled by using the jetting regime. With 
these versatilities, the CDSD could be a useful tool to deepen understanding of behavior of a micro liquid jet formed 
under ultrahigh-gravity, and provide further applications related to fabrication of micro polymeric structures. 
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Figure 3: Correlation between capillary nozzle diameter and particle 
diameter when using a 2.0% (w/w) sodium alginate solution. 
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EXPERIMENTAL SETUP 

The experimental setup (Fig. 3) is designed to provide both a small laser 

spot size over a large field of view (FOV).  An F-theta scanning lens 

(Rodenstock, Germany) and a galvanometric scanner is chosen instead of 

the conventional optical setup used in optical tweezers [7].  The F-theta 

lens provides a linear relation between scan angle and focal length, and can 

therefore maintain a uniform, focused spot size (<20 µm) over the entire 3x3 

cm field of view.  Empirical studies with OFT [4], [5] indicate that the laser 

spot size should be a small fraction <20% of the droplet size.  The F-theta 

lens is combined with a 200 mW, 405 nm diode laser mounted on a 2-axis 

galvanometric scanner.  The laser intensity (and corresponding holding 

forces) are controlled over 2 orders of magnitude using pulse width 

modulation (PWM) at 100 KHz.  The modulation period is much smaller 

than the thermal time constant of the system (around 10’s of milliseconds), 

thus minimizing temperature ripple.  The 20 Kilopixel/second 

galvanometric scanner provides scan speeds of several m/s, and is controlled 

via Labview (National Instruments).  The sample holder is a glass slide 

placed at the back focal plane of the lens (~6.5cm).  A layer of water is 

spread on the glass slide to a thickness of several mm.  In some cases, a 

second glass cover slide, separated by a spacer, is added to constrain the 

buoyancy of the oil droplets. Oleic acid droplets with diameters of several 

hundred µm are generated by pipetting and manual agitation.  The oil is 

dyed with Sudan IV, which absorbs 405 nm light.  For imaging, we include 

a wide field of view stereomicroscope with a digital camera and a 450 nm 

long pass filter to block the 405 nm light. Hydrophobic green fluorescent 

iron oxide particles (Magnaflux) and hydrophilic green fluorescent polystyrene particles (Polysciences) are added to 

the droplet and continuous phases, respectively, for flow visualization.  

 

RESULTS AND DISCUSSION 

Flow visualization. Fig. 4 shows the top view of the internal (yellow) 

and external (blue) flow patterns as a trapped droplet is translated in the 

horizontal plane.  In this image the laser is at the edge of the droplet. 

Here the polystyrene tracers (10 µm) and the fluorescent iron oxide 

particles (10-20 µm) are used to visualize flow in the two phases.  In 

the horizontal plane, two pairs of vertically symmetric vortices can be 

seen.  Heating from the focused laser locally reduces the interfacial 

tension, resulting in Marangoni interfacial flow directed away from the 

focal point.  The interfacial flow generates sympathetic microvortices 

within and external to the droplet.  The flows exert an asymmetric 

body force which moves the droplet toward the laser’s focal point.  

 

Translation of Droplets using a Scanning OFT.  The translation of 

oil droplets using the scanning system is shown in Fig. 5.  Several 

droplet diameters and dye concentrations are tested by first trapping the droplet, then increasing the scanning rate of 

the laser until the droplet can no longer follow it.  Larger dye concentration increases the absorbed optical power, 

resulting in larger temperature gradients, larger thermocapillary force, and therefore larger scan speeds.  This trend 

is consistent with conventional models for thermocapillary migration [8], which predict that migration velocities are 

directly proportional to the temperature gradient and radius.  Conversely, experimental data shows that increasing 

drop diameter decreases migration velocity.  This is likely due to increased drag forces, and also the larger thermal 

energy requirement to achieve the same 

temperature profile across the droplet. 

 

Particle Manipulation in Engulfment Mode.  
OFT can be used to manipulate particles in 

one of two modes.  In the engulfment mode 

(Fig. 6), the particle enters the interior of a 

trapped oil droplet.  While the precise 

mechanism is still under investigation, it is 

believed that the microvortices play a key role 

in engulfing the particle because of two 

reasons: (1) Without active flow fields, a 

hydrophilic bead would not be likely to enter 

an oil droplet; and (2) the particle is released 

 

Fig. 4: Visualization of internal and 

external flows during droplet translation.  

The position of the laser is shown with the 

purple dot. 

 

Fig. 3: Experimental setup for OFT 

using a laser scanning system with a 

wide field of view. 

 

Fig. 5: Droplet translation using a scanning laser. A) A 150 µm 

O/W droplet moves in a linear pattern at ~2mm/s.  (B) Maximum 

translation velocity vs. drop diameter and dye concentration. 
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when the laser power is removed.  Fig. 6B the manipulation of 

50 µm silica beads (Cospheric) with a 200 µm oleic acid 

droplet.  The purple dot indicates the position of the laser, 

which is operating at 100% duty cycle.  The trapped oil 

droplet is moved adjacent to the bead, at which point the bead 

disappears underneath the droplet, indicating that it has been 

trapped.  The combined bead/droplet can then be translated in 

the horizontal plane at speeds of several hundred µm/s.  In this 

case, the bead is moved ~1 mm in 0.5 s.   When the laser 

power is removed, the bead releases from the droplet.  Other 

experiments have shown this effect occurs with droplets 

ranging from 200-500 µm and silica beads from ~10-100 µm.     

 

Particle Manipulation in Attachment Mode.  In this mode 

(Fig. 7), the particles attach themselves to the surface of 

trapped oil droplet, and can be manipulated in this manner.  

Analysis of video frames shows that the particles are pulled 

adjacent to the oil droplet by the microvortices in the external 

phase (Fig. 4).  The recirculating vortices exert sufficient drag 

force to pull the particles laterally toward the droplet, but have 

insufficient force to lift the particle away from the droplet.  As 

a result, the particle remains trapped adjacent to the droplet 

boundary.  As shown in Fig. 6B, a single droplet can attach 

multiple particles.  In some cases, the particles oscillate 

tangentially along the interface due to the Marangoni flows.    

The particles remain attached as the laser is scanned at 

velocities of several 100 µm/s, and can be released by turning 

off the laser.  

 
CONCLUSIONS 

This paper demonstrates a scanning laser system for 

manipulating O/W droplets using OFT, and also the indirect 

manipulation of particles using the droplets as force transducers.  

The manipulation of 50 µm beads at several 100 µm/s suggests 

a significantly larger force than other optical techniques for 

particle manipulation.  The mechanisms of the engulfment and 

attachment modes will be further explored in subsequent works.  
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Fig. 6: Particle Manipulation in Engulfment 

Mode.  (A) Schematic. (B) Experimental 

manipulation of a 50 µm glass bead by 

engulfment in a 200 µm droplet.   

 

Fig. 7: Particle manipulation in attachment mode. 

(A) Schematic. (B) Experimental manipulation of 

three 50 µm glass beads with a 200 µm droplet.  
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Institute of Applied Mechanics, National Taiwan University, Taipei, TAIWAN 

                                                

ABSTRACT 
   Valve operation is one of the most important functions in microfluidic systems. Either active or passive valves 

have been applied on microfluidic platforms [1-4]. This paper reports a novel vent valve system to enable sequential 

transfer of fluid. The system consists of an independent vent control plate (VCP) and suitable vents on the 

centrifugal microfluidic disk. The design is simple and easy to control without the need of surface modification, 

microchannel structure, additional material in microdevice, or ultra-precision manufacturing process.  

 

KEYWORDS 

Microfluidics, disk, valve.  

 

INTRODUCTION 

   The lab-on-disk platforms that use centrifugal force to pump fluids in microfluidic system have various 

fluid-operating functions, such as valving, mixing, decanting, calibration, metering, sample splitting and separation. 

Those functions can integrate with analytical measurement techniques for optical imaging, absorbance detection, 

fluorescence spectroscopy and mass spectrometry, which make the centrifugal platform a powerful solution for 

medical and clinical diagnostics as well as high throughput screening in drug discovery. 

The lab-on-disk platform also offers a unique way to propel fluid that depends on spinning speed of disk, 

distance of fluid away from the center of the disk, geometry of channels, and fluidic properties (density, viscosity, 

and surface energy). With various researches on passive valves, hydrophobic and capillary valves have been 

integrated into disk platforms [1, 2]. However, the passive valve switched by controlling rotation rate above a critical 

value would highly depended on fluid characteristics, surface properties, and dimensions of the microchannels. In 

other words, the channel requires ultra-precise structures, local surface modifications, and investigation of influence 

of different liquid characteristics to obtain a critical rotation rate. For active valves, Park and Cho et al. [3, 4] have 

implemented Laser Irradiated Ferrowax Microvalves (LIFM) on centrifugal disk platform, which used ferrowax plug 

to block the channel to stop the liquid and melted by highly heated laser to open the valve. While the LIFM is more 

stable than the passive valve, it requires high power laser system, laser position, ferrowax melting time and 

additional ferrowax in the microchannels.  

This paper presents an innovative vent valve system that just controls the vent control plate (VCP) to enable 

sequential transfer of fluid by electromagnetic valves’ machine. The operation of the vent valve system is simple, 

fast, stable and robust. Besides, this vent valve system is easy to build and cost effective since all materials are 

embedded in the channel disk for blocking the channels. 

 

MATERIAL AND EQUIPMENT 
As shown in Figure 1(a), the disk and VCP was fabricated with PMMA and protective tapes by a CO2 laser 

engraver. All of them are bonded together via double-sided tapes. The VCP connects to electromagnetic valves’ 

machine via tubes on a test disk (Figure 1(b)). 

 

 

 

      
Figure 1. The disk-based microfluidic system. (a) Disk and Vent Control Plate (VCP). (b) Electromagnetic valves’ 

machine. 

 

Vent Control Plate (VCP) 

Disk 

Electromagnetic valve 

Disk 

(a) (b) 
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RESULTS AND DISCUSSION 

The physical principle of vent valve to control the liquid delivery is illustrated in Figure 2(a). When the disk 

platform spins, the centrifugal force provides pumping pressure to transfer the liquid. When V1 to V7 are closed, the 

generated negative-pressure pulls the equilibrium with the centrifugally generated pressure in the liquid. Similarly, 

the generated positive pressure pushes the centrifugal pressure when the V2 to V7 are closed. In contrast, the liquid 

could flow into downstream chamber by centrifugally generated pumping pressure while the V1 and V2 are opened. 

Figure 2(b) shows different liquids and different channel widths with increased burst frequencies for liquid transfer. 

The result shows the burst frequency is designed by liquid surface tension at same channel widths when opening 

vent valves. Data show the valves are very robust over a wide range of parameters. 

      

Operation of the VCP enables system sequential transfer of fluid for complex fluid processes. Figure 2(c-1) 

shows the initial state of a test disk, in which 100µl of blue liquids (C1), 50µl of yellow liquid and 50µl red liquid 

(C2 and C3). At first, the valves (V1 and V2) were opened and the disk was spun by the rotational motor. Then, a 

portion of blue liquid in C1 was transferred to C2. In C2, transferred blue and yellow liquids were mixed by 

alternative spinning with the color changed from yellow to green (Figure 2(c-2)). After opening V1 and V3 in the 

same manner, the color changed from red to indigo in C3 (Figure 2(c-3)). Finally, the mixed liquids were transferred 

to C5 and C6 at the same time by opening V1, V5 and V6 as the disk was spun, as shown in Figure 2(c-4). 

     

 

Figure 2. (a) Schematic diagram of the layout of a test disk. (b) The results of different liquids (DI water, Alcohol 

and Running buffer) and different channel widths (w=1mm, 0.5mm and 0.2mm) relate to burst frequency on our vent 

valve system. (c) (c-1~c-4) Photo images captured during the operation of the spinning process. 

 

CONCLUSION 
Table 1 shows comparison of characteristic of our vent valve with other valve system in centrifugal microfluidic 

platforms. Our system shows relatively independent on fluid characteristics, surface properties, channels dimensions 

and requires no ultra-precision channel structure, local surface modifications, or additional material in the 

microchannels. This vent valve system design may be suitable for a wide range of applications in microfluidic 

devices, including enzyme-linked-immunosorbent serologic assay (ELISA), metering and sedimentation of blood, 

DNA or RNA extracting, and molecular analysis. 

 

 

 

 

 

 

 

 

 

(b) 

(a) (c) 
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Table 1. Comparison of several valve system for microfludics disk. 

Active valve Passive valve 

Comparison 
Our vent valve 

Paraffin wax valve 

/Ferrowax valve 
Hydrophobic valve Capillary valve 

Principle Pressure Solid barrier blocking Surface tension 

Effect of liquid 

property 
No No Yes 

Operation 
VCP with machine of 

electromagnetic value 
Laser heating Variation of rotational spin 

Fabrication 

Specifics 

No surface modification needed 

No channel structure and 

additional material required 

Wax in channels Surface modification 

Ultra-precision 

channel structure 

required 

 

REFERENCES 
[1]M. Madou, et al., “Lab on a CD,” Annual Review of Biomedical Engineering, vol. 8, pp. 601-628, 2006. 

[2]J. Ducree, et al., "The centrifugal microfluidic bio-disk platform," Journal of Micromechanics and 

Microengineering, vol. 17, pp. S103-S115, 2007. 

[3]J. M. Park, et al., "Multifunctional microvalves control by optical illumination on nanoheaters and its application 

in centrifugal microfluidic devices," Lab on a Chip, vol. 7, pp. 557-564, 2007. 

[4]Y. K. Cho, et al., "One-step pathogen specific DNA extraction from whole blood on a centrifugal microfluidic 

device," Lab on a Chip, vol. 7, pp. 565-573, 2007. 

 

CONTACT 
Andrew M. Wo, tel: +886-2-33665656; Andrew@iam.ntu.edu 

 886



NOVEL NON-EQUILIBRIUM ELECTROKINETIC MICROMIXER WITH 
NANOPOROUS MEMBRANE FABRICATED BY LASER 

POLYMERIZATION TECHNIQUE
Sangbeom Hwang and Simon Song
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ABSTRACT
   We propose a non-equilibrium electrokinetic (EK) mixer with a nanoporous membrane fabricated on a 
microfluidic chip by laser polymerization technique. A non-equilibrium EK mixer had an array of nanochannels to 
generate a vortex using ion depletion and consequent electroconvection [1]. The nanochannels, however, require 
expensive and complicated fabrication processes. On the other hand, the laser polymerization technique has proved 
that nanoporous membranes are readily fabricated on a chip and can be used for microdialysis [2] or sample 
preconcentration [3]. Here, we show for the first time that a nanoporous membrane in-situ fabricated on a microchip 
can be used for a non-equilibrium EK mixer. 
 
KEYWORDS

Non-equilibrium micromixer, nanoporous membrane, electroconvection, ion depletion. 
 

INTRODUCTION
A non-equilibrium EK micromixer uses unique phenomena caused by ion concentration polarization across 

nanochannels with selective ion permeability due to Debye layer overlap. When the electric field is applied across 
the nanochannel, the ion concentration is higher at one side and lower at the other side. If the concentration 
approaches zero on the depletion side, the system reaches a limiting current. When the voltage is increased further, 
significant overlimiting current can be observed due to a strong convective mixing called electroconvection. We 
found that this phenomenon can be realized with a nanoporous membrane. 

  
EXPERIMENTAL SETUP

  
(a)                                          (b) 

Figure 1. (a) Schematic of an EK mixer with a nanoprous polymer membrane and (b) chip fabrication process. 
 
A glass microfluidic chip was prepared to have a higher electric field across the nanoporous membrane than 

across the microchannel (Figure 1a). It has two inlets and one outlet, and the width and height of the main channel 
are 100 μm and 10 μm. The chips were fabricated with borosilicate glass (BOROFLOAT® 33) by using the process 
depicted in Figure 1b: the LPCVD deposition of an 500 nm-thick, amorphous poly-silicon layer on the glass 
substrate (i), photo-resist (AZ4620) patterning (ii), developing (ii), poly-silicon etching with a reactive ion-etch (iii), 
wet-etching of the glass substrate with buffered oxide etchant (iv), and PR removal (v). Finally, a cover plate made 
of borosilicate glass with holes (vi) was bonded with the etched substrate by anodic bonding process (vii). Then, we 
in-situ fabricated a zwitterionic nanoporous polymer membrane on a microchip by using a phase separation 
polymerization technique with an optically-shaped UV laser beam (Figure 2). The laser beam is 355 nm in 
wavelength and is optically conditioned to become a sheet with 100 μm thickness. The pore size of the membrane is 
known to a few nanometers [2, 3]. Mixing solutions were prepared with 5 mM KCl solution with and without 
electrically neutral Rhodamine B. They were introduced into a micromixer using an electroosmotic flow induced 
with electrodes located in the reservoirs of the inlets and outlet. 
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Figure 2. Schematic of the optical setup for in-situ laser polymerization using phase separation

RESULTS
In order to examine the generation of ion-depletion and electroconvection across a nanoporous membrane, we 

applied an equal voltage to two microchips: one with non-porous membrane and with nanoporous membrane. Upon 
the application of voltage across the channel, we found that an electroosmotic flow (EOF) occurs on both microchips 
However, a flow mixing occurs only on the microchip with a nanoporous membrane. Figure 3 compares 
fluorescence images on flows near a membrane with and without nanopores. Two inlet flows are vividly distinct 
downstream of the non-porous membrane (Figure 3a), indicating that there is no flow mixing by electroconvection 
but only slow diffusion across the interface of the two streams. In contrast, the two inlet flows are thoroughly mixed 
for the microchip with a nanoporous membrane (Figure 3b). This implies that the nanopores of membrane is 
ion-selective and generate ion-depletion and electroconvection. 

 
(a)               (b) 

Figure 3. Fluorescence images without nanopores and EOF only (a), and with nanoporous membrane and 
electroconvection (b). A KCL solution of 0.1 mM and 250V were used in both cases. 

 
After confirming that the nanoporous membrane is ion-selective, we investigated the development of flow 

mixing with time. Figure 4 shows consecutive flow images after the onset of EOF. Initially, when there is no flow, 
the fluorescent dye is spread in the entire channel due to diffusion. Upon the application of voltage, the two inlet 
flows upstream of the membrane starts to become distinct because of the introduction of inlet-flows by EOF. The 
two inlet flows are vividly distinct after 400 ms. Chaotic vortex flows generated by the electroconvection seem to 
occur near membrane where non-uniform fluorescence region is observed after 200 ms. Downstream of the 
membrane, it is hard to observe any difference in the fluorescent intensity at any time, implying that the two distinct 
flows are well mixed. 

Finally, we examined the effects of applied voltage on the mixing index that is calculated with Eq. 1 
 

                                    (1) 
 

where I(x) is the fluorescent intensity 300 μm downstream of the membrane, Idiff(x) is the intensity 300 μm upstream 
of the membrane, and I100% is the intensity for perfect mixing. The mixing index becomes 1 for perfect mixing and 0 
for non-mixing. Figure 5 exhibits the mixing index with respect to applied voltages across the channel. In a voltage 
range of 25 through 400V, mixing indices are fairly high: higher than 0.9 regardless of the applied voltage. However, 
the high mixing index at a low voltage (below 150V) is probably due to the effects of molecular diffusion that is 
dominant because EOF is weak at the voltages. The mixing index is relatively low in a voltage range of 150 to 250V 
where, we believe, EOF is strong while both electroconvection and molecular diffusion are weak relatively. With a 
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voltage higher than 250 V, mixing index becomes almost one, indicating the occurrence of electroconvection. 
 

CONCLUSIONS
We developed a non-equilibrium EK micromixer with a nanoporous membrane. We found that a nanoporous 
membrane is ion-selective and is able to induce ion-depletion and electroconvection across it, leading to effective 
flow mixing upon the application of a moderate range of voltage. Further investigations are required like the effects 
of buffer solution properties on mixing, types of nanoporous membranes proper for mixing, and etc.   

 

 
 

Figure 4. Consecutive flow images with a time interval of 200 ms after the onset of 250V. 

 
 

Figure 5. Mixing index comparison for various applied voltages. The mixing index was calculated 300 μm 
downstream of the membrane. 
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JANUS HYDROGEL BEADS FOR ELECTRONIC PAPER USING 
SHRINKAGE-GELATION TECHNIQUE  

Kyouhei Aketagawa1, Hirotada Hirama1, Hiroyuki Moriguchi2, Toru Torii1 
1Graduate School of Frontier Sciences, The University of Tokyo, Japan, 2RIKEN, Japan 

 
ABSTRACT 

A novel fabrication technique of Janus hydrogel beads whose morphology was controlled using 
shrinkage-gelation technique was developed. Aggregation of inoganic nanoparticles in an incompartible solvent was 
also applied to the fabrication. Small-size Janus particles for electronic paper were formed from bigger size sodium 
alginate droplets composed of inorganic nanoparticles by applying this technique which can avoid clogging problem 
of microchannels.  
 
KEYWORDS 
microfluidics, calcium alginate gel, magnetic beads, osmotic pressure, monodisperse.  

 
INTRODUCTION 

Janus particles for electronic paper had been developed using monodisperse droplet formation technique using 
microchannels [1]. However, the resolution of electronic paper using the particles is still low compared to other 
electronic paper devices because of the particle size, although that with 50μm was used and analysed showing that 
small-size Janus particles were useful to improve its resolution [2].  

Fabrication of small-size Janus particles with inorganic nanoparticles is difficult because microchannel size is 
dominant for the control of droplet size and the Janus particle contains many nanoparticles which lead to clogging 
problem of microchannels [3,4]. 

A new shrinkage-gelation technique has been developed in which small-size hydrogel beads were formed from 
bigger sodium alginate droplets (Fig. 1) [5]. Shrinkage and gelation is generated at the interface between oil and 
Ca2+-loaded hydrogel which can avoid clogging problem. 

In this paper, we describe a fabrication method of small-size Janus hydrogel beads using its technique and 
aggregation of inorganic nanoparticles in an incompartible solvent. 

 
 
 
 
 
  
 
 
 
 
 
 

 
Figure 1. A schematic drawing of the shrinkage-gelation process of sodium alginate droplets on an interface 
between oil and Ca2+-loaded hydrogel. (Due to surfactant molecules which serve as carriers, water molecules and 
calcium ions transfer through oil layer, resulting in shrinkage and gelation of sodium alginate droplets.) 
 
EXPERIMENT 

First, we examined the effect of surfactant, oil phase and hydrogel plate on shrinkage of sodium alginate droplets 
composed of inorganic nanoparticles. The experimental system is shown in Figure 2.     

                                                          
                                                            
  
 
 
 
 
 
 
 
 
 
                                                       

Figure 2. Examination of optimal conditions for shrinkage of sodium alginate droplets composed of nanoparticles.                                                                
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Figure 3A shows a fabrication method of small-size Janus hydrogel beads using the shrinkage-gelation technique 

and aggregation of TiO2 nanoparticles (80 nm) in hydroxyethyl methacrylate. 1:10 mixture of hydroxyethyl 

methacrylate and sodium alginate solution (1.0 wt%) and pure water in which TiO2 nanoparticles were dispersed 

were injected separately through two inlets causing two-phase parallel stream in microchannel. This stream then 

enters continuous flow of oil phase which contains surfactant, resulting in the formation of droplets. Once the 

droplets are formed, mixing due to the diffusion occurs across the interface inside the droplet. Because TiO2 

nanoparticles aggregate in the droplet (Fig. 3B), small-size Janus calcium alginate gel beads were fabricated by the 

shrinkage-gelation process. 

 

 

 

 

 

 

 

 

 

 

                                                                            

Figure 3. (A) Fabrication procedure of small-size Janus hydrogel beads by the shrinkage-gelation technique. 

(B) Aggregation of TiO2 nanoparticles in droplets. Scale bar is 100 μm. 

 

RESULTS AND DISCUSSION 

Table 1 shows the effect of surfactant, oil phase and hydrogel plate on shrinkage of sodium alginate droplets 

composed of TiO2 nanoparticles. If we used monomeric surfactant, the droplet ruptured during shrinkage process. By 

contrast, in case that polymeric surfactant was used, the droplet shrank without rupture. This result indicates that 

shrinkage of droplets composed of nanoparticles requires strong stabilization capabilities of thick and flexible films 

formed by polymeric surfactant. However, if we used low-viscosity oil as the oil phase and low-strength agarose-gel 

as the hydrogel plate, the droplet ruptured during shrinkage process in spite of using polymeric surfactant. This 

suggests that using high-viscosity oil as the oil phase and high-strength agarose-gel as the hydrogel plate is also 

important for achievement of the shrinkage. Therefore, optimal conditions were using SY GLYSTER CRS-75 

(Sakamoto Yakuhin Kogyo Co.Ltd) as the surfactant, sunflower oil as the oil phase and agarose S as the hydrogel 

plate. 

 

Table 1. Effect of surfactant, oil phase and hydrogel plate on shrinkage of sodium alginate droplets composed of 

inorganic nanoparticles. 

Surfactant 

(molecular weight) 

Oil phase 

(viscosity  25.5  C) 

Hydrogel plate 

(1.5% gel strength) 

Concentration of 

CaCl2 solution 
Shrinkage 

Span 80 (428) 
Sunflower oil 

(76.5 mPa∙s) 

agarose-gel  

1 w/v% Agarose L 

(≥ 450 g/cm
2
) 

 

≤ 0.5 mol/L 

 

× (rupture) 

Perfluorooctanol (364) × (rupture) 

Lecithin (759) × (rupture) 

SY GLYSTER CRS-75  

Polyglycerol esters of 

fatty acids 

(number avg. 2089) 

Mineral oil 

(28.6 mPa∙s) 
× (rupture) 

Sunflower oil 

(76.5 mPa∙s) 

○ 

≥ 1 mol/L × (rupture) 

agarose-gel  

1 w/v% Agarose S 

(≥ 1200 g/cm
2
) 

≤ 0.5 mol/L ○ 

≥ 1 mol/L ○ 

 

Figure 4A shows time course of the shrinkage of sodium alginate droplets composed of TiO2 nanoparticles at a 

variety of the concentration of calcium chloride contained in agarose-gel plate under optimal conditions (SY 

GLYSTER CRS-75, sunflower oil, agarose S). Figure 4B shows relation between shrinkage rate and difference 

between osmotic pressure of calcium chloride solution and sodium alginate solution at a variety of original droplet 

size. Shrinkage rate is defined as the slope of the linear approximate curve in Figure 4A. Shrinkage rate was 

positively correlated with osmotic pressure. Figure 4C shows relation between shrinkage factor and osmotic pressure. 

Shrinkage factor became saturated at high osmotic pressure. Saturated shrinkage factor was about 80 percent. The 

difference of osmotic pressure between calcium chloride and sodium alginate was dominant in the shrinkage rate of 

alginate droplets and the size of resulting hydrogel beads. 

Figure 5 shows small-size Janus calcium alginate gel beads fabricated by shrinkage-gelation technique made 

from the 1:10 mixture of hydroxyethyl methacrylate and Sodium alginate solution. Morphology of resulting Janus 

hydrogel beads was controlled by adjusting the concentration of TiO2 nanoparticles dispersed in pure water. 

 

Ca
2+

-loaded agarose-gel 

( 1 w/v% Agarose S, 0.5 mol/L CaCl2)   

Aggregation of TiO2  

Sunflower oil with CRS-75 (2.0 wt%) 

Continuous phase  

(Mineral oil)  

(A) (B) 

 891



 

 

 

 

 

 

 

 

 

 

                                                                                  

Figure 4. (A) Time course of the shrinkage of sodium alginate droplets composed of TiO2 nanoparticles at a variety 

of the concentration of calcium chloride contained in agarose-gel plate.(B) Relation between shrinkage rate and 

difference between osmotic pressure of calcium chloride solution and sodium alginate solution. (C) Relation between 

shrinkage factor and difference between osmotic pressure of calcium chloride solution and sodium alginate solution.                        
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Figure 5. Janus calcium alginate gel beads were fabricated by shrinkage-gelation technique made from the 1:10 

mixture of hydroxyethyl methacrylate and Sodium alginate solution. A ratio of gel with TiO2 to that without TiO2 in 

resulting Janus hydrogel beads decreases with decrease in the concentration of TiO2 nanoparticles in original 

sodium alginate droplets. Scale bar is 100 μm. 

                                                         

CONCLUSION 

A novel fabrication technique of small-size Janus hydrogel beads whose morphology was controlled using 

shrinkage-gelation technique was developed. Aggregation of inoganic nanoparticles in hydroxyethyl methacrylate 

was also applied to the fabrication. This technique can avoid clogging problem of microchannels and be applied to 

fabrication of Janus hydrogel beads with not only electric characteristics but also magnetic characteristics. Therefore, 

it has potential for fabrication of small-size Janus particles for electronic paper. 
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CENTRIFUGAL MULTIPLEX FIXED-VOLUME DISPENSER (C-MUFID) 
ON A DISPOSALBE PLASTIC LAB-ON-A-DISK FOR BIOCHEMICAL 

ASSAYS 
Moonwoo La, Kyoung Duck Seo, and Dong Sung Kim 

Pohang University of Science and Technology, South Korea 
 
ABSTRACT 
    In the present study, a centrifugal multiplex fixed-volume dispenser (C-MUFID) was developed on a disposable 
plastic lab-on-a-disk for biochemical assays. Multiplex metering and dispensing of sample with fixed-volume were 
achieved throughout the C-MUFID based on microfluidic theoretical verification. Biochemical assays were also 
carried out with help of dispensing chamber, serpentine micromixer, and reaction chamber. 
 
KEYWORDS: Centrifugal force, Lab-on-a-disk, Dispenser, Biochemical assay 
 
INTRODUCTION 

Lab-on-a-disk (LOD) has been attracting attention for clinical diagnostics because of its remarkable advantages. 
The LOD does not require pneumatic pumps, but only a single rotational motor for its operation. It is possible to 
control serially integrated elements and realize multiplex analysis of radial arrays [1, 2]. To achieve biochemical 
assays in terms of development as a miniaturized system, multiplex metering and dispensing of sample with 
fixed-volume should be performed as well as effective micromixing [3-4]. Mark et al. obtained good multiplex 
dispensing on the LOD by aliquoting structure and centrifuge-pneumatic valve. However, further operations, such as 
mixing, separating, or extracting, could not be applied to that system due to the closed (unvented) chamber at the end 
of the metering channel [4]. 

 
DESIGN AND THEORY 

Figure 1 shows a schematic design of the C-MUFID with geometric parameters. The C-MUFID comprises an 
inlet chamber, a circumferential feed channel, connecting metering channels with passive microvalves, vented 
dispensing chambers, and waste chamber. Initially loaded sample in inlet chamber fills into feed channel and 
metering channel based on pressure derived on the bottom of inlet chamber under centrifugation at an angular 
velocity of ω1 (Fig. 2(a)-(b)). At a higher angular velocity, ω2, the dosed sample is discharged to waste chamber 
except the samples inside the metering chambers due to pinning mechanism of passive microvalve (Fig. 2(c)). 
Finally, the remained samples with fixed-volume (1 μl) by adjusting dimensions of the chamber is delivered to the 
dispensing chamber at an angular velocity of ω3 higher than ω2 (Fig. 2(d)). 

 

 
Figure 1. Schematic of the C-MUFID with geometric parameters. C-MUFID comprises an macro inlet chamber, 

a circumferential feed channel, branching metering channels, passive microvalves connected with vented dispensing 
chambers, and waste chamber. Height of all the structure is 1 mm except the passive microvalve (Hvalve = 300 μm). 

 

 
Figure 2. Schematic procedure of sample metering and dispensing by the C-MUFID: (a) sample loading (by 

pipetting at stationary state), (b) sample dosing to feed channel and metering channel, (c) sample metering, and (d) 
sample dispensing (ω1 < ω2 < ω3). 
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In order to confirm that the loaded sample was able to fill totally into the feed channel and metering channel 
within appropriate processing time (~ 1 min) under given geometry and angular velocity, an approximate equation of 
the filling flow front advancement, L(t), into the rectangular feed channel was derived based on Navier-Stokes 
equation with proper boundary conditions as below: 
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where, σ, θc, ρ, and μ are surface tension, contact angle, density, and dynamic viscosity of sample liquid, respectively. 
U represents approximate mean downchannel velocity of fluid flow. Based on the given value of parameters, the 
filling flow front advances up to the end of feed channel within 1 min. 

 
FABRICATION AND EXPERIMENTAL 

The plastic LOD containing the C-MUFID was fabricated by CNC-micromilling on a polycarbonate (PC) 
substrate, followed by thermal bonding with a cover plastic substrate. Oxygen plasma treatment was then carried out 
on the surface of the feed channel and metering channel for enhancing filling velocity of sample flow. To confirm the 
metering performance of the C-MUFID, volume of metered sample was measured by image processing method. 
Captured image right after the metering step was compensated to recognize the area occupied by metered sample. 
Each volume could then be calculated by multiplying the area by the channel height. 

Figure 3 shows schematics of a LOD containing the C-MUFID connecting with half-opened dispensing chamber, 
serpentine micromixer, and reaction chamber. Throughout the centrifugal force based serpentine micromixer (CSM), 
effective mixing could be achieved because of transvers secondary flows and three-dimensional stirring effect based 
on the centrifugal force and induced Coriolis force [5]. Structured substrate was manufactured by injection molding 
using PC, then sealed with a flat PC substrate by high-pressure thermal bonding. Multiplex biochemical assays were 
carried out using standard serum with albumin and glucose reagents. After the dispensing of metered reagent, each 
reagent was dosed into the half-opened dispensing chamber at stationary state of the LOD. By rotating the LOD, 
serum and reagent was mixed together throughout the serpentine micromixer. 

 
RESULT AND DISCUSSION 

Figure 4(a) shows measurement result of each volume of metered sample for 5 different chamber. Average 
volume (1.01 μl) was similar with target fixed-volume with small standard deviation (0.046). 

As shown in Figure 4(b), multiplex biochemical assays were performed with meaningful colorimetric results. 
Color of each reagent significantly changed after mixing and reacting with the serum. It might be mention that 
quantitative analysis for these color change of the reagent could be achieved by means of colorimetric analysis or 
spectrophotometry. 

 
CONCLUSION 

In this study, multiplex fixed-volume metering and dispensing were successfully achieved based on the 
developed C-MUFID. Geometric design and metering performance of the C-MUFID were confirmed by 
microfluidic theoretical verification and experimental image analysis, respectively. Multiplex biochemical assays 
were also achieved on the LOD containing C-MUFID with appropriate micromixer and chambers. 
 

 
Figure 3. Schematics of the LOD containing the C-MUFID, half-opened chamber, serpentine micromixer, and 

reaction chamber.  
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Figure 4. (a) Measuring result of each volume of metered sample for 5 different chamber (Average volume = 1.01, 

Standard deviation = 0.046). (b) Color change of each reagent after mixing and reacting with the metered serum. 
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MECHANISTIC CHARACTERIZATION OF ALTERNATING CURRENT 
CLOUD POINT EXTRACTION IN A MICROCHANNEL: EXTRACTION 

UNDER PHYSIOLOGICAL TEMPERATURE 
Naoki Sasaki,* Azusa Takemura, Kae Sato 

Japan Women’s University, Japan 
 
ABSTRACT 
    We present mechanistic characterization of alternating current cloud point extraction (ACPE) in a microchannel. 
ACPE is our original technique for on-chip extraction and preconcentration of membrane-associated biomolecules 
[1]. Joule heating of nonionic surfactant micellar solutions plays an important role in ACPE, but temperature of 
solutions during the extraction has not been investigated. In this study, we estimated the temperature under various 
experimental conditions using a temperature-dependent fluorescent dye. The ACPE was achieved around 36°C, 
which is physiological temperature, under optimized conditions. These results provide guidelines for use of the 
ACPE technique in microfluidic chemical and biochemical analyses. 
 
KEYWORDS 
AC electrokinetics, Dielectrophoresis, Phase separation, Surfactant, Micelle 

 
INTRODUCTION 

Sample preconcentration before analysis is advantageous to detect low-abundance species, which are often 
important in bioanalysis. In a previous paper [1], we reported a novel extraction technique termed alternating current 
cloud point extraction (ACPE) for preconcentration of membrane-associated biomolecules (MAB) including lipids 
and membrane proteins. To characterize and optimize ACPE, we carried out ACPE experiments under various 
experimental conditions including amplitude and frequency of applied voltages, flow velocity, and concentration of 
surfactant, analyte and salt [2]. As described in the following section, Joule heating plays an important role in ACPE 
to induce aggregation of micelles, but overheating could lead to denaturation of proteins in the solution, which may 
limit the applicability of the technique in real analyses. Therefore, we investigated solution temperature in ACPE 
using a temperature-dependent fluorescent dye. The results were compared with those of ACPE experiments to 
optimize experimental conditions and achieve the extraction under physiological temperature.  

 
PRINCIPLE 

The principle of cloud point extraction (CPE), which is widely utilized to extract MAB in a macroscale, is shown 
in Fig. 1(a). In nonionic surfactant micellar solutions, micelles are aggregated as the temperature of the solution rises 
above its cloud point (CP). Hydrophobic MAB solubilized by the surfactant are extracted and concentrated into a 
small volume of the surfactant-rich phase, while hydrophilic molecules are retained in the surfactant-poor phase. The 
CPE requires two operations: heating and centrifugation. The centrifugation is, however, difficult to miniaturize 
because the device should be connected to tubes and/or electrical cables to integrate CPE with other analytical steps.  

In ACPE (Fig. 1(b)), the micellar solution is continuously introduced into a microchannel which has microband 
electrodes. Application of AC voltages to the electrodes raises the temperature of the solution above its CP by Joule 
heating, which leads to the generation of microdroplets of the surfactant-rich phase by micellar aggregation. At the 
same time, the microdroplets are trapped just above the central electrode by negative dielectrophoresis under the 
nonuniform electric fields. As a result, the surfactant-solubilized MAB enriched in the microdroplets are 
continuously trapped and concentrated above the central electrode. 

micro-
channel

~electrodeshydrophobic molecules
(solubilized by surfactants)

hydrophilic molecules

heating
centrifugation

surfactant-poor
phase

surfactant-rich
phase

(a) (b)

 
Figure 1: Schematic illustration of (a) CPE in a macroscale and (b) ACPE in a microchannel which has three 
microband electrodes. The dotted lines indicate electrical flux. 
 
EXPERIMENTAL 

A PDMS-glass microchip with microelectrodes was fabricated as described previously [1]. In ACPE experiments, 
a test solution containing fluorescently-labeled lipids (20 mM), Triton X-114 (0.5%), and KCl (15 ~ 150 mM) was 
continuously introduced into a microchannel (150 μm width, 25 μm depth, 20 mm length) by a syringe pump at 0.33 
mm s-1. AC voltages (20 Vp-p, 5 MHz) were applied to the electrodes (40 μm width, 20 μm gap) by a function 
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generator. The microchannel was visualized by a fluorescence microscope equipped with a CCD camera. For 

evaluation of the extraction, concentration index (CI) was defined as the ratio of mean fluorescence intensities at the 

ending and the beginning of the experiment. Temperature of the solution was estimated in a separate measurement. 

Rhodamine B was utilized as a temperature-dependent fluorescent dye [3]. A test solution containing rhodamine B 

(10 μM), Tween 20 (0.5%), and KCl was continuously introduced into the microchannel, and fluorescence images 

were obtained in a similar way as the ACPE experiments. Fluorescence intensities in each pixel of the images were 

converted to the temperature of the solution by a calibration curve obtained in advance. 

 

RESULTS AND DISCUSSION 

Figure 2 shows typical fluorescence micrographs of the ACPE experiments with different stage temperatures. 

When the stage temperature was 3°C, fluorescence was hardly observed from the channel (Fig. 2(a)), which means 

that the concentration of DHPE was too low to be observed. However, by increasing the temperature above 10°C, 

bright fluorescence was observed above the central electrode (Figs. 2(b-d)). 

(a) (b)

electrodes

channel

(c) (d)

 
Figure 2. Typical fluorescence micrographs of the ACPE experiments. [KCl] = 50 mM. ACPE time was 60 s. Stage 

temperature was (a) 3, (b) 10, (c) 15 and (d) 20°C. 

 

Figure 3(a) shows a typical fluorescence image of the microchannel filled with a rhodamine B solution. In the 

image, the fluorescence intensity from part of the electrodes was enhanced due to reflection effects on the electrode 

surface. The reflection effects were corrected by normalizing the fluorescence intensity under voltage application by 

that without applied voltages to allow quantitative discussion. Figure 3(b) shows a false-color image of 

two-dimensional temperature distribution on the microchip. The temperature increased in the microchannel, 

particularly at gaps between the electrodes. This result is consistent with numerical calculation of electric field 

strength E in the microchannel (Fig. 3(c)), which exhibits large E at interelectrode gaps. In general, thermal energy 

by Joule heating is proportional to the square of E, so the results clearly indicate that the temperature increase is due 

to Joule heating of the solutions. 
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Figure 3. (a) Typical fluorescence image of the microchannel filled with a rhodamine B solution. (b) False-color 

image of two-dimensional temperature distribution on the microchip. (c) Contour plot of numerically calculated 

electric field strength E in the microchannel. 

 

Figure 4(a) shows temperature profile along the microchannel at y = 0 and at different stage temperatures. When 

the stage temperature was 3°C, only a small part of the solution was heated above its CP. However, by increasing the 

temperature to 10°C, most part of the solution near the electrodes was heated above its CP. Further increase in the 

stage temperature (15 and 20°C) resulted in increased solution temperature. The results of ACPE experiments under 

these conditions are shown in Fig. 4(b). The increase in CI was observed when the stage temperature was 10°C, 

which is consistent with the results in Fig. 4(a). However, further increase in the stage temperature resulted in almost 

the same CI. These results suggest that the ACPE can be achieved if the solution temperature is above its CP, in a 

similar way as CPE in a macroscale, and a much higher solution temperature than its CP does not increase CI. In 

addition, when the stage temperature was 10°C, the maximum solution temperature was 36°C. Therefore, the ACPE 

can be conducted under physiological temperature. 
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Figure 4. (a) Temperature profile along the microchannel at y = 0. Stage temperature was 3 (black), 10 (red), 15 

(blue) and 20°C (green). [KCl] = 50 mM. See Fig. 3(a) for coordinates. (b) Dependence of CI on the stage 

temperature.  

 

CONCLUSION 

We have estimated the solution temperature in the ACPE. ACPE was successfully conducted under physiological 

temperature, so the technique can be applied not only to analyze the amount of target molecules but also to analyze 

their function. Since conventional CPE in a macroscale can also be applied to metal and organic compounds, ACPE 

is also expected to be applied to analyze them and broaden the applicability of chemical analyses on microfluidic 

devices. 
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NOVEL SIMULATION TOOL COUPLING NON-LINEAR
ELECTROPHORESIS AND REACTION KINETICS 

Ofer Dagan, Moran Bercovici
Technion - Israel Institute of Technology, Israel

ABSTRACT
We developed a new, fast and accurate simulation tool which enables the prediction of multi-species reaction kinetics 

coupled to nonlinear electrophoretic transport. We present here the capabilities of the code, its validation against 
published experiments, and demonstrate its use in simulation and prediction of complete biosensing assays.

KEYWORDS
Simulation, electrophoresis, isotachophoresis, hybridization, reaction kinetics.

INTRODUCTION
Electrophoretic separation and concentration techniques are extensively used in a wide range of chemical and 

biochemical applications, including drug discovery, genetics, and food analysis. Recently, there is growing interest in the 
use of on-chip electrophoretic techniques for rapid biosensing and point-of-care diagnostics.[1] Fast computational tools 
are an essential part of any such assay development, as they enable insight into physical and chemical processes and 
significantly reduce experimental time. Several simulation tools for prediction of non-linear electrophoretic transport 
now exist.[2] However, to the best of our knowledge, none of the existing codes accounts for important non-equilibrium 
reactions, such as those which govern nucleic acid hybridization, or antibody-antigen binding. 

We here present, for the first time, a new, fast and open source simulation tool, which couples non-linear 
electrophoretic transport (elecrtromigration-advection-diffusion) with chemical reaction kinetics. Our code, named 
SpressoRXN is constructed as a module to Stanford’s open source electrophoresis simulation tool, Spresso.[3] Our code 
enables simulation of non-linear electrophoretic transport combined with multi-species reaction kinetics. This new 
capability, together with existing features of Spresso (Fig 1), can be used for the design and optimization of novel 
biosensing assays. 

Figure 1: Schematic showing SpressoRXN’s features and capabilities. The new (dashed red circles) and inherited 
(solid black circles) capabilities of the simulation tool are presented. When put together, these features enable fast 
simulation of complex non-linear electrophoretic transport coupled with multi-species reaction kinetics.

GOVERNING EQUATIONS
A key assumption in our simulation is that the concentration of any reactants is significantly lower than those of the 

background electrolytes. This assumption holds well for the majority of biochemical processes of interest. We are thus 
able to decouple the chemical reaction and electric field solvers, resulting in fast simulation times. We first use Spresso to 
solve for the electric field in space and time. Then, for each pair of reactants, 𝑐𝑖𝑅 , 𝑐𝑗𝑅, producing a product, 𝑐𝑖𝑗𝑃 , we solve a 
set of transport-reaction equations of the type:

𝜕𝑐𝑖𝑗𝑃

𝜕𝑡
=

𝜕
𝜕𝑥

�𝜇𝑖𝑗𝐸𝑐𝑖𝑗𝑃 + 𝐷𝑖𝑗
𝜕𝑐𝑖𝑗𝑃

𝜕𝑥
� + 𝑘𝑜𝑛

𝑖𝑗 𝑐𝑖𝑅𝑐𝑗𝑅 − 𝑘𝑜𝑓𝑓
𝑖𝑗 𝑐𝑖𝑗𝑃 𝑖, 𝑗 = 1 …𝑁

where 𝜇𝑖𝑗 is the effective electrophoretic mobility, 𝐷𝑖𝑗 is the molecular diffusivity, E is the electric field (obtained from 
Spresso) and 𝑘𝑜𝑛

𝑖𝑗 , 𝑘𝑜𝑓𝑓
𝑖𝑗  are respectively the on- and off-rates of the reaction. Currently, we address only second order 

reactions which are useful in describing hybridization and binding events.

RESULTS
Code validation: Isotachophoresis (ITP) in an electrophoretic technique which uses a discontinuous buffer to focus 

species of interest at a high electric field gradient formed at the interface between high (LE) and low (TE) mobility ions. 
In recent work, Bercovici et al. [4] provided an analytical model and validation experiments for hybridization of nucleic

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 899



acids under ITP. Briefly, two complementary DNA strands, A and B, were mixed in the TE and LE respectively. Both A 
and B concentrate at the ITP interface, resulting in an accelerated reaction rate. We reproduced the experimental 
conditions reported in [4] in our simulation, and used this as a validation case for our code.  Such an ITP assay is 
particularly interesting as a validation case, as it involves sharp electric field gradients, discontinuous buffers, 
discontinuous electroosmotic flow, and reaction kinetic rates which vary with space and time. Fig 2 presents the fraction 
of hybrid concentration, 𝑓𝐼𝑇𝑃, versus time for the three different concentrations of species A (1, 10, 100 𝑛𝑀) and a fixed 
(1  𝑛𝑀) concentration of B.  We obtain good agreement with experimental results, with slight under prediction at short 
times, and over prediction at long times. We attribute these differences to sample dispersion due to non-uniform 
electroosmosis, which is not yet modeled in our code.  

 
Figure 2: Comparison of SpressoRXN simulation results against experimental ITP-aided hybridization data from  [4]. 

Species A is mixed in the TE, whereas species B is mixed with the LE. The two species concentrate and focus at the ITP 
interface. Shown is the fraction of B hybridized versus time. The LE buffer consists of 250 mM HCl, 500 mM Bistris and 
2 mM 𝑀𝑔𝐶𝑙2 whereas the TE buffer consists of 100 mM Tricine and 100 mM Bistris. We set the mobility of DNA as 
3.8 ∙ 10−8 𝑚2/𝑉𝑠, and the reaction on-rate as 𝑘𝑜𝑛 = 4750 𝑀−1𝑠−1, based on independent measurements in [4]. We set 
the off-rate to 𝑘𝑜𝑓𝑓 = 2 ∙ 10−6 𝑀−1. 

Reactions in the bulk:  While an analytical solution for predicting hybridization under ITP conditions exists,[4] it is 
based on several restrictive assumptions including the existence of one species in excess concentration, constant interface 
width, overlapping Gaussian shape concentration distribution, and pH-independent analyte mobility. Using our code we 
are able to provide prediction and optimization for more realistic and general assays in which reacting species have 
different mobilities (and are pH dependent), reactant concentration are on the same order of magnitude, or where 
dissociation rates play an important role. Fig 3 demonstrates the use of the code for such a case, showing that the 
analytical model significantly overpredicts the hybridization rate at long times.  

 
Figure 3: Prediction of rapid DNA hybridization using ITP. Comparison of the analytical model [4] and our numerical 

simulation for (I) a case in which all analytical model assumptions are maintained. Results are in good agreement, 
providing additional validation for our numerical simulation. (II) A more general hybridization case in which the 
analytical model assumptions are deliberately violated. Shown is the fraction of reactant B hybridized vs. time. In case 
(I) we simulated the hybridization of 100 nM of species A pre-mixed with TE, and 10 nM of species B pre-mixed with LE. 
Furthermore, to meet model assumptions we used equal mobility 𝜇𝐴 =  𝜇𝐵 = 20 ∙ 10−9 𝑚2/𝑉𝑠, and a small equilibrium 
constant 𝑘𝑜𝑓𝑓 𝑘𝑜𝑛⁄ = 2 ∙ 10−10. In case (II) we deliberately deviated from model's assumptions, taking equal initial 
concentrations of 𝐴0 = 𝐵0 = 10 𝑛𝑀 , different mobility values, 𝜇𝐴 =  20 ∙ 10−9, 𝜇𝐵 = 30 ∙ 10−9 𝑚2/𝑉𝑠  and a relatively 
large dissociation constant 𝑘𝑜𝑓𝑓 𝑘𝑜𝑛⁄ = 10−6. Our new simulation tool enables to diverge from the restrictive analytical 
assumptions and investigate the more interesting and realistic cases of ITP-aided hybridization.    
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Reactions with surfaces: Garcia-Schwarz and Santiago [5] recently presented a novel assay making use of ITP and 
functionalized hydrogels for high sensitivity detection of nucleic acids. Their method uses two reactions: first, target 
sequences and fluorescently labeled probes (reporters) preconcentrate under ITP resulting in rapid hybridization.  Then, 
the ITP zone enters a hydrogel where immobilized capture probes bind to excess reporters, thus reducing background 
fluorescence and improving the signal to noise ratio (SNR).[5] In Fig 4. we present a numerical simulation of the assay’s 
principle, which includes three reacting species, one of which is immobilized in the channel. Simulation results clearly 
show the improved SNR due to the capturing of excess reporters, and open the door to numerical predictions and 
optimization of such assay.  

 
Figure 4: Schematic and simulation results of a complete DNA detection assay [5] involving reactions under ITP in the 

bulk, and with reacting surfaces. (a) A low concentration (1 nM) target sequence (mixed with TE) and matching labeled 
probes (1 𝜇𝑀, injected at a finite amount) focus and hybridize via ITP. (b) The high concentration zone electromigrates 
into a 10 mm long surface functionalized with reporter-specific capture probes. Excess reporters bind to the surface 
while target-reporter hybrids continue freely.  (c) Target-reporter hybrids and any uncaptured reporters continue 
electromigrating as sharp ITP zone toward the detection site. The total concentration of reporters is compared to their 
concentration in a control case (with no target) to yield the assay’s SNR . 

CONCLUSIONS 
We developed a new simulation tool which enables, for the first time, predictions of a wide range of assays involving 

non-linear electrophoresis and chemical reaction kinetics. We validated the code against existing experiments and 
demonstrated its applicability to predictions of complete assays involving hybridization under ITP in the bulk as well as 
on surfaces. We believe this code can significantly contribute to the development and optimization of new on-chip 
biosensing techniques.  
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A MICROFLUIDIC CULTURE SYSTEM FOR ANALYSIS OF 
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ABSTRACT 

In this paper, we introduce a microfluidic system to analyze the effect of oligomeric assemblies of amyloid 
beta on neurons quantitatively with well-organized in vivo-like microenvironment. By generating extremely 
slow flow rate and gradient of oligomeric assemblies of amyloid beta, our microfluidic platform simulates the 
regulated intramembrane proteolysis (RIP), a convergence physiological mechanism. 

 
KEYWORDS 
Oligomeric assemblies of amyloid beta, Microfluidic gradient chip 

 
INTRODUCTION 

The generation of pathogenic amyloid beta protein is one of the examples of RIP. In the endoplasmic 
reticulum, pathogenic amyloid beta proteins are carved from the amyloid precursor protein (APP) and then 
secreted into biological fluid. As amyloid beta has a unique propensity of self-aggregation, cleaved amyloid beta 
proteins aggregate and form oligomeric assemblies which have neurotoxicity (Figure 1A). Because of the small 
size, oligomeric assemblies of amyloid beta diffuse through the biological fluid and a gradient of assembled 
oligomeric proteins is generated at the interface of the interstitial flow. Based on the ideas of process of 
formation and diffusion of pathogenic amyloid beta, we designed a microfluidic system consisting of a 
microchannel-patterned polydimethylsiloxane (PDMS) piece bonded against a glass coverslip, osmotic pump, 
and flexible tube for connecting the osmotic pump and the PDMS piece (Figure 1B). In this system, both the 
Reynolds number (inertia vs. viscous effect) and the Peclet number (convective vs. diffusive effect) are small, 
therefore, the flow is laminar with diffusion-dominant flow characteristics in which diffusion mixing at the 
interface of laminar streams occurs and lasts for a prolonged time (Figure 1C) [1]. We use an osmosis-driven 
pump generating slow flow rates comparable to those of interstitial flow and a gradient profile which mimics the 
microenvironment (Figure 1D). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Concept of microfluidic system; (A) Neurotoxicity of oligomeric assemblies of amyloid beta; (B) 

Experimental setup; (C) Gradient of oligomeric assemblies generated in the main channel of microfluidic chip; 
(D) Biomimetic condition in the main channel of microfluidic gradient chip. 
 
EXPERIMENTAL 

Neuronal cells were allowed to adhere in the main channel of the chip and were maintained for 7 days after 
plating by culturing with a continuous flow of pure media. For the last 3 days, pure media and 5 μM amyloid 
beta dissolved in the pure media were introduced via two respective inlet ports, creating a gradient of oligomeric 
assemblies. Figure 2 shows optical microscopy images of neural networks formed in the main channel of a 
microfluidic gradient chip. Compared to neural networks without amyloid beta exposure (Figure 2A and Figure 
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2B), neural networks exposed to a gradient of oligomeric assemblies of amyloid beta for 3 days (Figure 2C and 
Figure 2D) show neuronal loss and destruction of neurites. Figure 2E shows the ratio of cytoplasm to nucleus of 
neural networks of Figure 2A and Figure 2D. Compared to the ratios of neural networks without treatment of 
amyloid beta, those of neural networks with amyloid beta is small, which indicates the atrophy derived from 
neurotoxicity of amyloid beta. Figure 3A shows optical microscopy images of neural networks formed in the 
main channel after exposure to oligomeric assemblies of amyloid beta gradient. Neuron cells were treated with 
live/dead assay reagent and live cells (green fluorescence) were stained by Calcein and dead cells (red 
fluorescence) were stained by Ethidium homodimer. The slope of the linear fit of the plot shows a decreasing 
trend which indicates the neurotoxicity of the oligomeric assembly gradient (Figure 3B). 

 
 
 

 
CONCLUSION 

We proposed a microfluidic system which provides a useful tool for analyzing neurotoxicity of oligomeric 
assemblies of amyloid beta. The microfluidic gradient chip is capable of generating extremely low-speed flow 
(0.25 μL/min) comparable to interstitial flow rates (0.1-0.3 μL/ min·g) [2]. After proteolysis process, known as 
regulated intramembrane proteolysis (RIP), pathogenic amyloid beta forms and it associates to make oligomeric 
assemblies. Oligomeric assemblies, known as toxic moieties of amyloid beta are small enough to diffuse and 
therefore the gradient is generated. Creating a gradient of oligomeric assemblies mimicking in vivo condition is 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 2. Optical microscopy images of neural 

networks formed in micro-fluidic gradient chip. Cells 
were immunostained using antibodies against tubulin 
and nucleus. (A) and (B) represent neural networks 
without treatment of amyloid beta and (C) and (D) 
represent neural networks with exposure of amyloid 
beta. (E) The ratio of cytoplasm to nucleus of neural 
networks formed in main channel. Black bars 
represent cells without amyloid beta treatment 
whereas red bars represent cells with amyloid beta 
exposure. Scale bars are 1 mm in A & D, and 200 μm 
in B & C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Gradient of oligomeirc assemblies 
generated in microfluidic chip. (A) Viability of 
neuronal cells was assessed by using live/dead assay. 
(B) Graphs of normalized green fluorescence intensity. 
Scale bars are 1 mm in B 
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important for accurate understanding of pathophysiologic mechanism derived from oligomeric assemblies. The 

proposed method can be used to study other examples of regulated intramembrane proteolysis (RIP), and 

furthermore, efficiency of drug delivery in the interstitial space can be assessed more accurately. Our 

microfluidic platform will give plenty of benefits to the biomedical fields.  
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MICROFLUIDIC DEVICES 
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ABSTRACT  
This paper reports performances of improved Liquid Dielectrophoresis (LDEP) devices made of Al2O3, HfO2 or 
ZrO2 as dielectric layers, rather than using classical dielectric layers (SiN, SU-8 resin, SiO2…). These layers 
have been evaluated on several parameters, such as the threshold actuation voltage, the resistance to the electric 
field and the droplet generation process. The High-K materials implementation open-up new perspectives for a 
low-voltage, robust LDEP transduction mechanism and promotes it as a relatively relevant and promising liquid 
handling technique for sample preparation in µTAS devices.  

KEYWORDS: Liquid Dielectrophoresis, High-K materials, threshold actuation voltage, dielectric breakdown. 

INTRODUCTION  
LDEP microfluidic technique is known to displace liquids and create an array of micrometric size-controlled 
droplets (0.1 pL to 0.1µL) within a very short time (~100 ms) onto a surface. The principle of operation requires 
an AC sinusoidal signal applied between two coplanar electrodes separated by a gap [1]. Most studies in the 
literature still report quite high actuation voltage amplitudes (>200 VRMS) [2-3] and suffer from dielectric 
breakdown of insulating stacks coated over the driving electrodes. Our previous theoretical study pointed out the 
importance of the dielectric stacks implemented atop of the LDEP electrodes on the overall actuation 
performances [4]. In particular, some dielectric stacks with thin thicknesses combined with high dielectric 
constants should reduce significantly the liquid actuation voltages, while keeping a robust technology with 
regard to high electric fields trough the various layers. 
  
MATERIEL AND METHODS 
Open single-plate architecture devices, (see Fig.1a), have been fabricated from a 200mm wafer Si technology. 
The driving electrodes are made of a 10 nm Ti (adhesion layer) / 200 nm AlCu layer atop of a SiO2 isolating 
layer and designed with specific geometries to create an array of 50 pL droplets (electrodes width w = 10µm 
separated with a gap g = 4 µm). Then, the electrodes are covered with three different High-K materials deposited 
through Atomic Layer Deposition (ALD) process: Al2O3, HfO2 and ZrO2 (see Table 1 and Fig 1b). 
The LDEP electrodes are energized with a 100 kHz AC signal pulse (duration: 100 ms), for each DI water ( = 
5.5.10-6 S.m-1) droplets creation event, in ambient conditions. For each dielectric stack, three parameters have 
been evaluated: the threshold actuation voltage Vth (minimum voltage corresponding to the initiation of the liquid 
finger), the total actuation voltage Vtot (minimum voltage corresponding to the complete liquid finger actuation 
along the 1.5 mm long coplanar electrodes) and the number of successful and successive actuations Na1 (number 
of actuations when the liquid finger reaches a position between the end of the coplanar electrodes and the middle 
of those ones) and Na1/2 (number of successful liquid actuations which do not overreach the middle of the 
coplanar electrodes).

Figure 1: (a) Schematic view of an LDEP structure. (b) 2 µL droplet liquid contact angle with DI water on the 
High-K layer surfaces. 
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Table 1: properties of the implemented High-K materials 
Layers 

ID 
Dielectric 
Materials 

Thickness 
d 

Dielectric 
constant εd 

Equivalent dielectric 
thickness α (α = d/εd) 

Contact angle θ 
(with DI water)  

Deposition 
process 

L1 Al2O3 100 nm ~ 8 12.5 nm 90° ALD 
L2 Al2O3 50 nm ~ 8 6.2 nm 90° ALD 
L3 HfO2 50 nm ~ 15 3.3 nm 75° ALD 
L4 HfO2 25 nm ~ 15 1.7 nm 75° ALD 
L5 ZrO2 50 nm ~ 25 2 nm 25° ALD 
L6 ZrO2 25 nm ~ 25 1 nm 25° ALD 

 
THEORETICAL BACKGROUND 
According to the theory detailed in [4-5], the threshold liquid actuation voltage Vth depends on several 
parameters: mainly the liquid properties, the dielectric layers properties and the electrodes geometry.  
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In the expressions (1) and (2), w, di, ε0, εi refer respectively to the electrodes width, the dielectric layer i 
thickness, the vacuum permittivity and the dielectric constant of the dielectric layer i. Ci

*, Cliq
*, Cair

* represent the 
electrical capacitance of the dielectric layer i, the liquid and the air derived with respect to the direction of liquid 
motion. Fγ is the force generated by the liquid surface tension in the air. In the expression (3), α is defined as the 
sum of dielectric thicknesses of a layers stack and strongly affects the Vth value. 
 
RESULTS AND DISCUSSION  
The electrochemical model described in the previous section predicts actuation voltage should range below 100 
VRMS by implementing the layers listed in Table 1. As expected, the implementation of High-K materials 
improves the LDEP technique efficiency. As shown in the Fig.2a, the DI water liquid finger motion can be 
initiated from 50 (L6 layer) to 70 VRMS (L1 layer). A total liquid actuation through 1.5 mm with 50 pL droplets 
generation occurs from 70 (L6 layer) to 110 VRMS (L1 layer). The general tendency of experimental data is in 
agreement with the theoretical model, since the actuation voltages decrease as the dielectric thickness decreases. 
As a conclusion, these values get closer to signal amplitudes typically used for EWOD actuations and there is no 
need to use sophisticated high-voltage amplifier anymore. 
Concerning the number of successive actuations on a same design, High-K dielectric materials are characterized 
by a high resistance to the electric field since some dielectric layers can support more than 200 successive 
actuation cycles without dielectric breakdown (Fig.2b). Note that the dielectric breakdown of the layer L6 early 
occurs when the potential difference between coplanar electrodes reaches a value between 50 and 70 VRMS.  

 
Figure 2: (a) Threshold actuation voltages Vth (in blue) and total actuation voltage Vtot (in red) for each layer. (b) 
Number of successive and successful actuation on a same design for each layer. (Na1 / Na1/2: the liquid finger 
stops after (in black) / before (in red) the middle of electrodes). 

 906



 

On the other hand, one issue is related to the droplets creation quality, once the liquid finger breaks up. Indeed, 
these materials, more or less hydrophilic (Fig.1b), may prevent the controlled and reproducible droplets 
generation at each bump position. Some of these materials would have adapted natural surface properties for 
LDEP actuations [5], since DI water contact angles on Al2O3 and HfO2 layers are respectively 90 and 70°, almost 
hydrophobic. In that case, the droplets generation process is not as sluggish as experiments on very hydrophilic 
surfaces such as SiN or SiO2 layers. Nevertheless, an additional coating made of either 10 nm thick SiOC 
(Silicone Oxycarbide) or 12 nm thick FDTS (Perfluorodecyltrichlorosilane) carried out onto the High-K layers. 
These top surfaces increase the contact angles with DI water samples and the droplets generation process is 
significantly improved while keeping quite low actuation voltages (see Fig. 3).  
 

 
Figure 3: (a) Droplet generation process comparison between a single layer Al2O3 and Al2O3 layers coated with 
FDTS and SiOC. (b) Same photos sequence with ZrO2 material. 
 
 
CONCLUSION 
Such results demonstrate the LDEP can be performed at low voltage with a robust silicon-based technology. 
Moreover the droplets generation process can be improved by adding thin hydrophobic coatings such as SiOC. 
These performances provide a strong interest to carry out sample preparations for massively parallel and 
complex biochemical protocols. 
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A NOVEL MICROFLUIDIC CONCENTRATION GRADIENT DROPLET 
ARRAY GENERATOR FOR PREPARING OPTICAL ENCODING 

NANOPARTICLES 
 

Chun-Guang Yang1,2, Zhang-Run Xu1*, Abraham P. Lee2*, Jian-Hua Wang1 
1Research Center for Analytical Sciences, Northeastern University, China 

2Department of Biomedical Engineering, University of California, Irvine, USA 
 
ABSTRACT 

This paper describes a multi-channel concentration gradient droplet array generator for preparing optical encoding 
nanoparticles. The device generated 64 groups of monodisperse droplets with the average diameter of 44 μm and RSD 
value of 5.5% (n = 64). Based on the concentration gradient droplet array generator, we synthesized 33 types of Au-Ag 
nanoparicles simultaneously with gradual shift of absorption spectra, which could be used as optical encoding 
nanoparticles for spectrometric applications. 
 
KEYWORDS:  
Concentration gradient, droplet array, Au-Ag nanoparicles, optical encoding. 
 
INTRODUCTION 

The optical encoding is an important spectrometric strategy for multiplex assays to track each reaction based on the 
absorption or emission spectrum of the encoding particles. [1] One of the most important challenges for multiplex 
assays is the limited spectra of encoding particles. Concentration gradient droplets can be used as micro-reactors for 
various synthesis and screening with low consumption and low diffusion, which should be a good choice for preparing 
optical encoding nanoparticles. However, the reported methods are usually deficient in high-throughput and simple 
operation. [2-3] The present device combines radial channel concentration gradient generation [4] with flow-focusing 
droplet generation to simultaneously form droplet arrays in parallel channels. Based the concentration gradient droplet 
array generator, we have synthesized optical encoding nanoparticles with dozens of spectra.  
 
EXPERIMENT 

The concentration gradient droplet array generator consists of three PDMS layers (Figure 1). The top layer includes 
a concentration gradient channel network (orange channels), partial oil channels (blue channels), flow-focusing 
constructions (pink triangle chambers) and droplet channels (pink channels). The concentration gradient channel 
network is mainly composed of 5 circular channels with serpentine branch channels surrounding each. The 
flow-focusing constructions are located at the downstream of the outmost serpentine channels. Two oil streams flow 
into each flow-focusing junction from both sides of each concentration gradient channel. The ends of 64 droplet 
channels are the outlets of the device. On the second layer, the oil is infused from a channel connected with a center 
chamber, and gradually distributed into the oil branch channels which are connected with the oil channels on the top 
layer via a series of access holes. The bottom layer is a substrate plate, which is bonded with the two other layers.  

 

Figure 1. Schematic diagram and photograph of the concentration gradient droplet array generator 
 

In this device, there are only two aqueous source solution inlets in the center and a single oil inlet at the edge. 64 
outlets are located at the outmost side of the device for the simultaneous outflow of 64 groups of concentration gradient 
droplets.  
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RESULTS AND DISCUSSION 
When two aqueous phase source solutions with different concentrations were introduced into the chip from the 

central inlets, they were distributed equally from circle channels into serpentine channels and mixed completely at the 
outlets of serpentine channels. After 5 times of distribution and mixing, the number of flow streams increased from two 
source solutions to 64 solutions. And two sets of 33 gradient concentrations between the two source concentrations 
were formed at the downstream of the outmost serpentine channels. At each flow-focusing junction, two oil phase 
streams introduced from the second layer sandwiched the aqueous phase solution into the focusing junction zone and 
sheared it into droplets. For the whole chip, an array of 64 concentration gradient droplets was generated 
simultaneously. The channels of two sets of concentration gradients were numbered 0 to 32 (32’). As the boundary 
channels, channel 0 and channel 32(32’) delivered the two source solutions. Under these conditions, the measured 
gradient concentrations of the whole 64 droplet array were in accordance with the theoretical values (Figure 2), which 
show practically linear relationships with the code number of the outmost channels. The concentration value decreased 
by 1/32 step by step from channel 0 to channel 32 (32’), and the concentration gradient range of the droplet array was 
limited between the concentrations of the two aqueous phase source solutions.  

 

 
Figure 2. Concentration gradient of the droplet array (a) CCD image of the concentration distribution (b) Concentration 

gradient curves of the droplets (asterisk: measured value; square: theoretical value) 
 
The size and mono-dispersivity of droplets were also discussed (Figure 3). At the flow-focusing junctions, 64 

aqueous phase solutions with gradient concentrations were sheared into 64 groups of concentration gradient droplets by 
the oil phase at the same time. At a flow-rate of 2 µL/min for each aqueous phase and 24 µL/min for oil phase, the 
generation rate of droplet for the device was more than 5×104 droplets per minute. The average diameter of droplets is 
44 μm with a RSD value of 5.5% (n = 64). 

 

 
Figure 3. Droplet array generator (a) central concentration gradient channel network (b) droplet array (c) flow-focusing 

constructions (d) droplet diameter and orifice width in 64 channels 
 

Using the concentration gradient droplets generated by the device as microreactors, gold-silver nanoparticles with 
33 colors were prepared. As the Au/Ag molar ratio increased, the wavelength of maximum absorbance tended to 
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increase. [5] To the best of our knowledge, this is the first to prepare Au-Ag nanoparticles with dozens of gradient 
molar ratio. The absorption spectra of Au-Ag nanoparticles were shown in Figure 4. As the molar ratio of gold and 
silver decreasing, the absorption band shifted from the pure gold nanopaticle spectrum to the pure silver nanoparticle 
spectrum. Though the values of absorbance are different, the trend of spectrum shifting is obvious. The Au-Ag 
nanoparticles can be used as optical encoding particles to immensely improve the number of color codes. Compared 
with that of 8-color quantum-dot-coated encoded silica beads [6], the theoretical code number of the Au-Ag 
nanoparticles increases from (n8–1) to (n33–1), which has great potential for high-throughput screening of 
multi-condition and multi-target. 

 

 
Figure 4. Absorption spectra of Au/Ag nanoparticles prepared on the concentration gradient droplet generator 
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ABSTRACT 
We present a sample introduction interface that allows direct on-chip processing of crude, large volume urine 
samples for the detection of Herpes Simplex Virus 2 (HSV-2). Sample introduction, cell lysis, DNA purification and 
sample volume reduction from a 600 μL urine sample down to a 10 μL elution volume were achieved in 7 min, 

offering great potential for use in point-of-care diagnostic devices.  
 
KEYWORDS 
DNA extraction, urine analysis, herpes simplex virus 

 
INTRODUCTION 

Herpes simplex virus type 2 (HSV-2) is the major cause of Genital Herpes and one of the most common sexually 
transmitted infection worldwide [1]. HSV-2 infection often remains undiagnosed as it is often asymptomatic. 
Transmission can therefore unknowingly occur to sexual partners or during labour to neonates, for whom it carries a 
significant mortality risk [2]. Furthermore, genital herpes has been associated with an increased risk of HIV 
acquisition. 

Fast and efficient diagnosis therefore plays a major role in treating HSV-2 infection and minimising its spread. 
Microfluidic devices offer great advantages for Point-of-care (POC) diagnostics due to increased analysis speed and 
sensitivity, reduced reagent use and full automation. Despite their great potential, the development of a realistic 
real-world sample introduction interface remains a challenge to be overcome. Current published integrated devices 
use simulated samples or require excessive off- or on-chip sample pre-treatment to achieve desired specimen volume 
reduction and target concentration. Simulated samples comprise of a few µL of a highly concentrated bacterial cell 
culture [3] which very rarely represents target concentrations and purities found in clinical samples. Zhang et al. [4] 
processed 5 µL of whole blood on a microfluidic device, but amplified a genomic gene whose abundance is higher 
than that of infection titres. Samples with lower target concentrations therefore require the use of larger sample 
volumes to assure sensitivity. This results in the need for excessive off-chip sample pre-treatment, such as 
centrifugation steps [5], or complicated on-chip sample preparation and concentration modules. 

Chen et al. [6] presented an integrated microfluidic cassette for nucleic acid detection of pathogens from saliva. 
100 µL of saliva specimen could be processed on-chip but required an on-chip vibrating disc powered mixing 
chamber to achieve effective mixing of the sample with the chaotrope. Baier et al. [7] processed 3 mL cervix sample 
on a microfluidic chip but needed to include an on-chip filtration step for concentration. Although effective, such 
measures add to the overall complexity of the chip, which should be as simple as possible for use in a POC setting. 

Immiscible filtration assisted by surface tension (IFAST) is a method that relies on immiscible phase filtration for 
DNA purification [8]. Here we exploit and modify the IFAST principle to develop a sample introduction interface 
that allows the direct processing of large volume urine samples and includes all the steps from sample addition, lysis, 
purification, concentration and elution. 

  
EXPERIMENTS 

Chip fabrication: Polydimethylsiloxane (PDMS, Dow Corning® Sylgard®) was mixed in a 10 : 1 ratio with 
silicone elastomer (Dow Corning® Sylgard®) and de-gassed for 1 h. The resulting mixture was then poured over an 
aluminium mould and cured at 80 ˚C for 30 min. 

Extraction procedure: Extractions were performed from 400 µL real or artificial urine samples [9] containing 5 M 
GuHCl (Promega), 1 µg carrier RNA (Invitrogen) and, if not otherwise stated, 0.5 ng of HSV-2 plasmid (Randox). 
Dynabeads MyONE™ Silane paramagnetic particles (PMPs) (Invitrogen) and MagneSil® PMPs (Promega) were 
used as the solid phase. DNA binding was achieved in 5 min under constant mixing of the sample and the PMPs with 
a handheld NdFeB magnet. The PMPs were then locally concentrated and pulled through the immiscible barrier, 
followed by a 2 min elution step in the PCR chamber under constant stirring. 

DNA analysis: The extracted DNA was amplified using the GoTaq® Hot Start Polymerase assay (Promega) 
according to the manufacturer’s instruction, with the addition of 0.2 μg μL

-1 BSA, 0.01% (w/v) PVP and 0.1% (v/v) 
Tween20. HSV-2 primer sequences were provided by Randox and the forward primer labelled with ROX at the 5’ 

end. The resulting amplicon was analysed using the ABI3500 capillary electrophoresis system (Applied Biosystems). 
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RESULTS 

Interface design: The integrated device consisted of three chambers that were arranged in a linear configuration 

(Fig. 1). The device was made of PDMS and sealed with a double and single layer of optical adhesive on the bottom 

and top, respectively. The sample chamber was connected to a septum and vent to facilitate sample loading. It could 

accommodate a sample volume of up to 400 µL urine, whereas the wash and PCR chamber held a volume of 10 µL. 

The three chambers were interconnected by two trapezoidal microfluidic conduits that allowed the formation of 

stable aqueous/organic liquid interfaces [8]. The sample chamber was filled with the urine sample, GuHCl as the 

lysing agent and silica coated PMPs, whereas the elution chamber was filled with milliQ water. Mineral oil was 

loaded into the wash chamber as the immiscible barrier. A handheld permanent magnet was used to mix the magnetic 

particles with the sample and to draw the magnetic particles through the immiscible barrier. A schematic of the 

whole process is shown in Fig. 2. 

Nucleic acid extraction performance: The extraction procedure was assessed by monitoring the amplification 

efficiency of downstream PCR reactions of HSV-2 plasmid DNA purified from artificial and real urine samples. 

Extraction experiments were performed using PMPs from two manufacturers, Dynabeads MyONE™ Silane PMPs 

(Invitrogen) and MagneSil® PMPs (Promega). The amount of particles used in the device was restricted by the 

geometry of the microfluidic conducts. A maximum of 0.32 mg of Dynabeads MyONE™ Silane PMPs and 0.24 mg 

of MagneSil® PMPs could be transported across the immiscible phase without particle loss or blocking the device. 

Extraction experiments using artificial urine as a sample matrix were therefore performed using 0.04 mg, 0.16 mg 

and 0.32 mg of Dynabeads MyONE™ Silane PMPs and 0.12 mg and 0.24 mg of MagneSil® PMPs (Fig. 3). The 

HSV-2 target was successfully amplified using both types of PMPs. However, MagneSil® PMP extracted DNA 

showed qualitatively superior amplification results, with higher overall PCR yields and reliable consistency. Similar 

results were obtained when extractions were performed from real urine samples using either 0.32 mg of Dynabeads 

MyONE™ Silane PMPs or 0.24 mg of MagneSil® PMPs (Fig. 4). The latter was therefore chosen for further 

experiments. 

Extraction limit: The extraction limit of the system was defined as the plasmid concentration processed, which 

reproducibly amplified in downstream PCR analysis. Target concentrations ranging from 3.6 ×10
8
 down to 36 

plasmid copies mL
-1

 were tested. DNA extracted with the system produced reproducible results down to 3.6 ×10
4
 

copies mL
-1

. Lower target concentrations resulted in inconsistent amplification results and were considered as below 

extraction limit. 

 

DISCUSSION 

LOC devices are of great potential for use in POC settings as they can be fully automated, allowing for minimum 

user intervention and reagent use as well as reduced analysis times. Despite recent advances in microfluidic-based 

integrated diagnostic systems, the sample introduction interface, especially in regards to large volume samples, has 

been neglected. 

The presented device exploits IFAST to realise a real-world interface that allows direct processing of crude large 

volume urine samples in 7 min. IFAST, as a concept, has been described for DNA and cell purification purposes. We 

significantly improved the method by Berry et al. to adapt it to the requirements of the real-world interface. Firstly, 

our design includes a large sample reservoir that accommodates 600 µL of total sample volume. Sample loading was 

facilitated by an incorporated septum and vent connected to the sample loading chamber (Fig 1). Secondly, cell lysis 

and DNA binding to the solid phase was achieved on-chip by preloading the chamber with the chaotrope and the 

Figure 1: Real-world interface design consisting 

of filter (1), vent (2), septum (3), septum seat (4), 

all attached to an optical adhesive cover layer. 

Sample introduction and binding chamber (5a), 

wash chamber (5c) and elution chamber (5b). 

were manufactured in PDMS (6) and bonded to a 

double optical adhesive bottom layer (7). 

 

  

Figure 2: Schematic of the process. Upon sample loading, 

cell lysis and DNA (yellow) binding to PMPs (white) was 

achieved on-chip. The PMPs were then transferred through 

the immiscible barrier, leaving contaminants (orange) 

behind. 
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PMPs; steps that were previously performed off-chip. Thirdly, instead of bonding the PDMS layer containing the 

microfluidic restrictions to a glass substrate, we opted for an optical adhesive, conventionally used in real-time PCR 

applications, double layer as the bottom substrate of the chip. This very simple and fast bonding approach had the 

added benefit that the hydrophobic surface properties of the optical adhesive substrate allowed the transfer of the 

magnetic particles through the immiscible barrier without the addition of detergents to lower the interfacial energy. 

The resulting device enabled the direct processing of large crude urine samples, which allowed DNA purification 

and volume reduction within 7 min without the need for pre-concentrating or filtering the specimen. Furthermore, 

effective mixing of the sample and through chaotrope mixture was achieved through PMPs movement, avoiding the 

need for an additional mixing system. 
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Figure 3: Amplification of the target isolated from 

artificial urine samples spiked with 3.6 x 10
8
 mL

-1 

HSV-2 target sequence copies. 

 

Figure 4: Amplification of the target isolated from real 

urine spiked with 3.6×10
8
 mL

-1
 HSV-2 target sequence 

copies. 

 

Figure 5: Detection limit of the demonstrated 

sample introduction interface. Horizontal red 

line represents background noise level of the 

capillary electrophoresis system. 
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INTERFACES 
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ABSTRACT 
    We present a microfluidic platform with coaxial annular world-to-chip interfaces for high-throughput 
production of single and compound emulsions, having controlled sizes and internal compositions. The production 
module consists of a chip on which many copies of a microfluidic droplet generator (MFDG) are arranged circularly, 
and a supporting module with coaxial annular channels for supplying fluids evenly to the inlets of the mounted chip, 
assembled from simple blocks with cylinders and holes. We successfully demonstrated scaled-up production of 
single, Janus, double and triple emulsions by coupling microfluidic chips with 32-144 MFDGs of various geometries 
and supporting modules with 2-4 annular channels. 
 
KEYWORDS 
Droplets, Janus, double emulsion, parallelization, scale-up.  

 
INTRODUCTION 

MFDGs have great potential as manufacturing devices for droplets and particles with precisely controlled sizes 
and internal compositions. For practical use in industry, however, the throughput of a single MFDG is too low, and it 
is therefore necessary to increase the throughput by parallel numbering-up design of the MFDGs. In many of the 
parallel designs [1–4], however, a network of supplying microchannels integrated with MFDGs on a chip makes the 
production system less robust for practical use. In contrast, the first author previously reported a module that consists 
of a chip having circularly arranged MFDGs and a supporting holder with layered manifold structures to supply 
fluids evenly to the MFDGs on the chip [5]. This module still has some shortcomings, however, because the 
manifold module requires machining of many small through-holes, which is not easily scalable. Here we present a 
more versatile and scalable module that can mass-produce monodisperse single and complex emulsions [6]. The 
module consists of a microfluidic chip having circularly integrated MFDGs (Fig. 1), and a supporting holder having 
concentric multiple annular channels that supply each fluid evenly into the channels of the mounted chip. The 
supporting holder consists of several cylindrical parts that are readily manufactured at reasonable cost by 
conventional machining (Fig. 2). 
 
MICROFLUIDIC MODULES 

We prepared microfluidic chips made of glass, each 
having circularly arranged MFDGs of different 
geometries (Fig. 1). In all the chips prepared, the 
MFDGs, the input holes for each fluid, and the 
microchannels connecting the elements are arranged 
circularly around a common drainage port in the center. 
The fluid stream from an inlet port is split 
symmetrically into two streams, and those streams are 
then supplied to the two neighboring MFDGs. A new 
design constraint is that the inlet holes for one fluid 
must be located on a circle of different diameter from 
any other fluids. This is for alignment with coaxial 
annular channels of the supporting module. 

 A supporting holder is assembled from several 
stainless-steel blocks having cylinders and holes, 
forming coaxial annular input channels around a 
drainage channel in the module (Fig. 2). Each of the 
annular input channels and a drain channel is 
accessible from a single connector port on the side of 
the module. In all of the modules, the width of the 
annulus (i.e., the difference in radii between the two 
concentric circles) was designed to be 0.5 mm.  

Fig. 2a shows a module assembled for producing 
simple emulsions, with the chip shown in Fig. 1a. The 
supporting holder with two annular channels consists 
of three distinct blocks, each having a cylinder and a 

(a) 15 mm

15
 m

m

30 mm

30
 m

m

(b)

21 mm(d)

21
 m

m

Ninput = 2
21 mm(c)

21
 m

m

NDG = 144 Ninput = 3NDG = 72

Ninput = 3NDG = 40 Ninput = 4NDG = 32

Fig. 1 Schematic illustrations of microfluidic chips 
with circularly parallelized microfluidic droplet 
generators (MFDGs) (not to scale). (a) 144 
cross-flowing MFDGs for single emulsions. (b) 72 
MFDGs for Janus droplets. (c) 40 double emulsion 
generators. (d) 32 triple emulsion generators. Ninput is 
the number of coaxial annular channels to be coupled.
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hole in the center (Fig. 2b). The bottom block with the 
innermost cylinder has an output pipe, which is linked 
to the drain port on the chip. The middle block has an 
inlet for the disperse phase on its side wall, which is 
linked to the internal wall of the hollow pipe in the 
center, with a diameter greater than that of the cylinder 
of the bottom part. Thus, the combination of the 
middle and bottom blocks creates an inner annular 
channel between the internal wall of the pipe of the 
middle block and the external wall of the cylinder on 
the bottom block. Similarly, the combination of the top 
and middle blocks creates an external annular channel. 
The microfluidic chip is mounted on these two coaxial 
annular channels so that the output pipe and each 
annular channel in the supporting module are linked to 
the on-chip drain port and each set of circularly 
arranged inlets (Fig. 2c). Similarly, supporting modules 
with three annular channels, for producing Janus 
droplets and double emulsions, were assembled from 
four blocks (Figs. 2d and 2e), and a module with four 
annular channels for triple emulsification was prepared 
from five blocks.  
 
EXPERIMENTAL 

The microchannels (depth 100 μm) were 
parallelized circularly on glass substrates by Deep RIE. 
Around a MFDG, the channel width was 50-200 μm. 
The parts of the supporting holder were fabricated 
from stainless steel blocks by conventional mechanical 
machining. An acrylate monomer (1,6-hexanediol 
diacrylate), 10 cSt silicone oil, and fluorinated oil were 
used as disperse phases, and 0.3wt% SDS and 2.0wt% 
PVA aqueous solutions were used as continuous phases. 
The fluids were infused by a single set of syringe 
pumps. Droplet formation was monitored by a 
high-speed video camera mounted on an upright 
optical microscope. Commercially-available software 
was used to simulate three-dimensional (3D) fluid 
flows in the microfluidic modules. 
 
RESULTS AND DISCUSSION 

The supporting modules have axisymmetric annular 
channels. Nevertheless, an asymmetric flow distribution 
is expected inside the pipes before the internal flow is 
fully developed, because the entrance for each annular 
channel is linked asymmetrically to each pipe. We 
therefore performed three dimensional flow simulations 
to determine the velocity distribution of internal flows 
through annular channels in the modules with and 
without a microfluidic chip.  

In both modules the flow velocity at the side near 
the entrance is clearly greater than at the opposite side 
in all annular channels (Figs. 3a and 3b). The flow 
distribution is more uniform in the inner annulus than in 
the outer annulus. Also, the flow distribution at the 
higher position (z = -0.5 mm) is more uniform than at 
the lower position (z = -3.5 mm), suggesting that 
internal flow is gradually developing (Figs. 3c and 3d). 
In the module without a chip, however, the outermost 
annulus still exhibits remarkable variation in flow 
distribution at z = -0.5 mm (Fig. 3e). In contrast, more 
uniform distribution is observed at z = -0.5 mm in the 
module that is coupled with a chip (Fig. 3f). 

Continuous
phase (W)

Disperse
phase (O)

Product
(O/W)

Continuous
phase (W)

Disperse
phase 1 (O1)

Product
(O1O2/W)

Disperse
phase 2 (O2)

(a)

(b)

(d)

(c) (e)

Microfluidic
chip

Microfluidic
chip

Fig. 2 Supporting holders with coaxial annular 
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module with three annular channels for generating 
Janus droplets (4.8 x 4.8 x 3.2 cm3).  
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Plot of vz along the circles at z = -0.5 mm. 
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First, we demonstrated high-throughput production 
of single emulsions using a module with 144 MFDGs 
and two annular channels (Fig. 2b). We were able to 
observe the formation of monodisperse oil-in-water 
(O/W) droplets at all of the 144 MFDGs when the 
flow rates of the disperse phase (Qd) and continuous 
phase (Qc) were controlled to be in appropriate range 
(Fig. 4a). The resulting droplets had a narrow 
distribution of sizes, for example, with an average 
diameter of 90.7 μm and a CV of 2.2 % (Figs. 4b and 4c). These results suggest that the disperse phase and 
continuous phase were each supplied to the 144 MFDGs evenly via the two coaxial annular channels. 

We next demonstrated high-throughput formation of Janus droplets using a module with three annular channels 
(Fig. 2d). We could observe the formation of monodisperse Janus droplets with two miscible compartments in all 72 
sheath-flowing MFDGs (Fig. 5a). The product was highly monodisperse, with average diameter 140.8 μm and a CV 
of 1.4% (Fig. 5b). In addition, we demonstrated the high-throughput production of Janus droplets with two 
immiscible compartments, using 40 parallelized cross-flowing MFDGs (Fig. 5c). Simultaneous formation of 
monodisperse Janus droplets could be observed at all 40 MFDGs when Qd = 20.0 mL h-1 (10.0 mL h-1× 2) and Qc = 
40.0 mL h-1(Figs. 5d and 5e). The product at equilibrium was monodisperse, with two segments of similar volume. 

Finally, we demonstrated the scaled-up multiple emulsification. The double emulsions could be mass-produced in 
the modules having 40 or 128 sets of MFDGs and three annular channels (Figs. 6a–c). Furthermore, we produced 
triple emulsions having controlled internal compositions by using modules having 32 sets of MFDGs four annular 
channels (Figs. 6d and 6e). 
 
CONCLUSIONS 

We have presented microfluidic modules for mass-producing various single and compound emulsion droplets of 
controlled sizes and compositions. We believe the platform described here is simple, robust, and versatile enough for 
use in high-throughput production at laboratory and industrial scales. 
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Fig. 5 Scaled-up production of Janus droplets in the 
modules with three annular inputs. (a,b) Production of 
Janus droplets of two miscible phases at 72 
sheath-flowing junctions at 72 mL h-1. (c–e) 
Production of Janus droplets of two immiscible phases 
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Fig. 6  Scaled-up multiple emulsification. (a–c) 
Two-step formation of O/O/W double emulsions with 
single or dual cores in 40 cross-junctions. (d,e) 
Three-step formation of O/O/O/W single-core triple 
emulsions.
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Fig. 4 Scaled-up production of monodisperse O/W 
emulsions in the module having 144 MFDGs and two 
coaxial annular inputs. (a) Production of O/W droplets 
at 144 T-junctions at 180 mL h-1. (b,c) An optical 
microscope image and the size distribution of the 
resulting droplets.  
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the particle radius, ∆ρ is the density 

difference between the particle and the plug 

phase, and g is the gravitational constant.  

Based on the Shield’s number, three 

regimes of particle behavior are identified 

(Fig. 2). Regime I: When θ is less than the 

movement threshold θM, the particle’s 

gravitational force dominates the drag 

force; hence the particles sediment to the 

bottom of the plug, while the internal 

vortices subsequently convect them to the 

rear cap.  This regime provides highly 

efficient particle segregation within the 

plug.  Regime II: As θ is increased beyond 

θM, particles become suspended in a 

well-defined circulation zone which begins 

at the rear of the plug.  The length of the zone scales with plug velocity.  Regime III: When θ>>θM, the particles 

circulate throughout the entire plug and the length of recirculation is limited by the plug length.  In this regime, the 

particle’s drag force dominates the gravitational force.  A second effect, the aggregation effect, causes additional 

concentration of particles in a stagnation zone at the rear cap.  Some of the particles which are dragged towards the 

rear end become trapped in the independent, co-rotating cap vortices.  Particles continue to accumulate, eventually 

forming a particle-laden stagnation zone.  The aggregation effect is also impacted by the Shields number. When θ is 

large, particles tend to distribute symmetrically within the cap (Fig. 2). This is due to the equal and opposite fluidic 

drag induced by the internal vortices (FD1 and FD2). Conversely, when θ is small, the drag force is not sufficient 

enough to lift the particles against the gravity; therefore, they segregate toward the lower half of the cap [8].   

EXPERIMENT 

Plugs are generated by combining an aqueous bead suspension with 

oleic acid (µC = 27mPaS) in a 500 µm bore PEEK T-junction or a 

200x100 µm microfluidic channel. The suspension consists of deionized 

water containing soda-lime glass beads with mean diameter 38 µm and 

a 34-42 µm D50 distribution.  The flow rates for oil and water range 

from 0.6-10 µL/s, resulting in plug velocities between 1-50 mm/s.  

This corresponds to Reynolds number <25 and capillary number <0.1.  

Videos are recorded with a high speed camera at 1200 frames per 

second (FPS) with 336x96 pixel resolution, at 600 FPS with 432x192 

resolution, and 30 FPS with 1280x720 resolution.  

 

RESULTS AND DISCUSSION  

   Experimental data of particle segregation (Figs. 3-5) closely follow 

the theoretical model. The particle segregation, recirculation/mixing and 

aggregation phenomena can be explained in terms of Shield’s number, 

particle size, and particle loading. 

   Effect of Shield’s Number/Flow velocity. In our experiments, we 

vary Shield’s number simply by changing the plug velocity. Figs. 3&4 

shows the images of particle recirculation (within the plug) in the 

500 µm capillary and rectangular microchannel, respectively. In 

both cases, the particles are 38 µm soda lime beads.  The 

circulation zone length LC, scaled by the plug radius RP, is shown 

in Fig. 5, where 3 distinct regimes can clearly be identified.  In 

region I (small θ), which occurs at low plug velocity (Vp < 5mm/s), 

the gravitational force on the particle dominates the viscous drag. 

In such cases, the beads segregate at the rear end due to minimal 

recirculation as well as aggregation effect. This regime is ideal for 

high efficiency (~100%) particle concentration.  Region II 

begins when θ exceeds the movement threshold, which is 

experimentally found to be θ = 10 (Vp ~6 mm/s).  In this regime, 

particles circulate in a well-defined zone which begins at the rear 

of the plug.  The length of the circulation zone scales linearly 

with flow velocity, increasing from 0.4 to 1.4 mm over plug 

velocities ranging from 9 to 25 mm/s (θ~15-42).  In region III, 

which occurs at large θ (plug velocity >25mm/s), the particles 

circulate within the entire length of the plug. This regime is ideal 

Fig. 3: Particle concentration profiles in a 500 µm ID circular channel. 

Both the top and side view are shown [8]. 

Fig. 4:  Particle concentration profiles in 

a microchannel with 200x100µm cross 

section. High efficiency particle 

concentration occurs when θ<θM, and 

mixing occurs when θ>θM. 

Fig 5: Theoretical and measured lengths of the 

particle circulation zone graphed vs. the Shields 

number, which scales with plug velocity.  The 

dotted lines demarcate the 3 flow regimes. 
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for the vigorous mixing of beads with the sample which can enhances the capture of target molecules.  Hence, it is 

interesting to note that the two key operations of bead based assays, mixing and segregation, can be achieved by 

simply changing the plug velocity to regions III and I, respectively. 

   Effect of Particle Size and Loading. Since the 

phenomena of particle suspension and segregation 

depends greatly on the sedimentation rate, this technique 

is best suited for dense and large size particles [8]. To 

illustrate the importance of particle size, Fig. 6 compares 

concentration profiles of 1 µm polystyrene particles 

(ρ=1.03 g/cm3) with 30 µm glass beads (ρ=2.52 g/cm3) 

traveling at identical flow velocities.  In the former case, 

θ=3.7x10
5
, therefore the polystyrene beads are uniformly 

distributed throughout the plug and there is no sign of 

particle segregation.  In the case of the glass beads,  

θ~5, and the beads concentrate at the rear end.  The particle loading effect influences the aggregation effect.  High 

particle loading favors the formation of the aggregation zone in the rear cap, regardless of flow velocity.  High 

particle loading contributes to a positive feedback effect, where the deposition of particles reduces the local flow 

velocity, which in turn leads to further aggregation.  In these experiments, a high concentration is defined as 

>10
5
/mL, and a low concentration is defined as <10

4
/mL.  

   Particle Extraction using a Transverse Drop Splitter.  
Using the above concentration phenomena, a bead-based assay 

can be implemented in following steps: 1. Operate the system 

in Regime III to ensure proper mixing of beads with the sample. 

2. Operate the system in Regime I to ensure 100% collection 

efficiency. (Switching flow regimes is done by simply 

changing the plug velocity.) 3. Extract the beads from the 

sample.  The last step can be done using the transverse drop 

splitter.  It is a simple T junction (Fig. 7) having a tapered 

outlet to ensure maximum shear at the rear end of the plug 

where the beads are localized.  By controlling the oil flow rate 

of the ‘chopping’ channel, plugs are transversely split into 

multiple droplets. The initial daughter droplets contain 

supernatant, while the last contains the extracted particles 

(pellet).  Since this extraction must occur in Regime I, the 

plug velocity is low (0.5 to 5 mm/s) and the ratio of flow rate 

between the two channels ranges from 2 to 5 depending on the 

plug length. High separation efficiency can be achieved by 

using long initial plugs, or repeating the splitting and 

extraction process.   

 

CONCLUSION 

  This paper demonstrates a field-free, gravitationally driven approach to perform particle suspension, concentration 

and extraction within the microfluidic plugs.  The first notable advantage of this technique is that it is passive, 

requiring no external components, and the process can be controlled simply by changing the flow velocity.  

Secondly, our technique can achieve a collection efficiency of nearly 100% as compared to prior approaches which 

have reported 83% efficiency [6].  This technique can expand the capabilities of plug based microfluidics to 

perform bead based assays on-chip without external components and therefore could be applied to numerous 

heterogeneous screening assays. 
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Fig 6: Top view comparison of experimental 

concentration profiles with small, light particles versus 

large, heavy particles at an identical flow rate of 3 mm/s 

in a 500 µm diameter circular channel.  Both 

experiments use a high particle loading of >105/mL. 

Fig. 7: Bead extraction using a transverse drop 

splitter.  The last daughter droplet contains the 

concentrated particles. 
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Fusion and sorting of two parallel trains of droplets using a rail-
road-like channel network and guiding tracks 

Linfeng Xu, Hun Lee, Rajagopal Panchapakesan and Kwang W. Oh 
SMALL (Sensors and MicroActuators Learning Lab), Department of Electrical Engineering, 

University at Buffalo, The State University of New York (SUNY at Buffalo), Buffalo, New York 14260, USA 

ABSTRACT 
We propose a robust droplet fusion and sorting method for two parallel trains of droplets that is relatively in-

sensitive to frequency and phase mismatch. Conventional methods of droplet fusion require an extremely precise 
control of aqueous/oil flows for perfect frequency matching between two trains of droplets. In this work, by com-
bining our previous two methods (i.e., droplet synchronization using railroad-like channels and manipulation of 
shape-dependent droplets using guiding tracks), we realized an error-free droplet fusion/sorting device for the two 
parallel trains of droplets. If droplet pairs are synchronized through a railroad-like channel, they are electrically 
fused and the fused droplets transit to a middle guiding track to flow in a middle channel; otherwise non-
synchronized non-fused droplets will be discarded into the side waste channels by flowing through their own 
guiding tracks. The simple droplet synchronization, fusion, and sorting technology will have widespread applica-
tion in droplet-based chemical or biological experiments, where two trains of the chemically or biologically treat-
ed or pre-formed droplets yield a train of 100% one-to-one fused droplets at the desired outlet channel by sorting 
all the non-synchronized non-fused droplets into waste outlets. 

KEYWORDS: Droplet, Continuous Flow,  Fusion, Sorting 
 

INTRODUCTION 
we introduce a robust droplet-based microfluidic device that can realize self-synchronization, electro-fusion, 

and sorting of two trains of frequency-mismatched and/or out-of-phase droplets. This is accomplished by combin-
ing our previous two methods: parallel self-synchronization of two trains of droplets using railroad-like chan-
nels[1] and manipulation of shape-dependent droplets using guiding tracks[2]. Moreover, we can perform error-
free sorting depending on the droplet synchronization and fusion status. If droplets are synchronized through a 
railroad-like channel network, the paired droplets can be electrically fused at a fusion junction[3]. Then the fused 
droplets will follow a fusion guiding track into a middle outlet. Otherwise, droplets which are non-synchronized 
and/or non-fused largely due to pressure instability or congestion of the droplets, will be guided by waste tracks 
and discarded into side waste-outlets. In this study, we have investigated fusion efficiency and error rate with re-
spect to droplet size, velocity, and frequency mismatch ratio.  

PRINCIPLE 
As shown by Fig. 1, because the channel thickness (TChannel) is fabricated to be much thinner than the droplet di-

ameter (D), droplets are squeezed into a pancake shape. By adding the guiding track structures, the pancake shape 
droplets will expand into a lid-with-handle shape with a smaller surface area. According to the surface energy (E) 
equation, E = γ S, with respect to the interfacial tension (γ) and the surface area of the droplet (S), the lid-with-
handle shape droplet has lower surface energy than the pancake shape droplet. Hence, the flattened droplet will be 
confined to moving along the guiding track[4]. 

The gap between tracks (LGap) is set to be equal to the radius of the generated droplets (D/2), and the fusion dis-
tance (LFusion) is set to be slightly larger than the diameter of the fused droplets. Once two synchronized droplets ex-
iting from the parallel channels touch each other at the fusion junction, they will be fused by electric force. Then, 
the fused droplet will be forced to move along the fusion track, as the geometric centre of the fused droplet will be 
positioned at the fusion track (Fig. 1b). 
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EXPERIMENT/RESULTS 
As the device has two separate droplet generation structures, two trains of droplets can be independently gen-

 
Figure 1 :  Schematic view of the proposed device. (a) Top view and cross-section view. If paired-droplets synchro-

nized through the railroad-like ladder structures meet at the junction, they will be electrically fused and the fused drop-
let will move to the fusion outlet. Otherwise, non-synchronized/non-fused droplets will follow the waste guiding tracks 
into the side waste outlets.  Inset shows the enlarged view of the fusion junction. (b) Captured image of the real device 
in operation. Red circles point out the droplets from the channel 1, while black circles indicate the droplets from the 
channel 2. A fused droplet is shown in a dashed black circle. Scale bar is 200 μm. 

 
Figure 2 :  Results and analysis of the proposed device. (a-1) Gradient graph of the fusion efficiency with respect to 

the droplet size and velocity. (a-2) Gradient graph of the error rate with respect to the droplet size and velocity. All the 
gradient graphs were plotted by experimental extrapolation using Origin 7.5. (b) Summary chart of the device's working 
zone. Zone V is the operation zone. (c-1) In Zones I, IV, and VII, droplets are successfully sorted without fusion due to 
their small size, causing low fusion efficiency. (c-2) In Zones III, VI, and IX, large, out-of-phase droplets are not fused 
and enter the wrong outlet, causing sorting failure (error type A). (d-1) In Zones I, II, and III, multiple-droplet fusion 
(more than two droplets) causes sorting failure (error type B). (d-2) In Zones VII, VIII, and IX, fast moving droplets are 
not fused without sorting failure. All scale bars are 200 μm. 
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erated for each parallel channel. By controlling the flow 

rate ratio of water (QW) and oil (QO), we could achieve two 

different cases in terms of the frequency difference (Δf = 

|fCh1 − fCh2|), where fCh1 and fCh2 are the droplet generation 

frequency in each parallel channel: (1) Case 1: the same (or 

similar) generation frequency (Δf ≈0) and (2) Case 2: dif-

ferent generation frequencies (Δf ≠ 0) for the two trains of 

droplets. In both cases, the droplet size was controlled to be 

the same (or similar) for the droplets generated in each 

channel (ΔD ≈0). 

In Case 1 (Δf ≈0) Fig. 2 summarizes the working condi-

tions of our proposed device. For Zones I, II, and III, drop-

lets are moving too slowly causing high fusion/sorting er-

ror rate, while for Zones VII, VIII, and IX, droplets move 

too fast resulting in low fusion efficiency. Similarly, in 

Zones I, IV, and VII, droplets are too small to be fused, 

while in Zones III, VI, and IX, large droplets cause a high 

rate of fusion/sorting errors. Based on our experiment, 

Zone V indicates a proper working range for the proposed 

device. 

In Case 2 (Δf ≠ 0), as shown by Fig. 3 when the frequency ratio was α = 1.5 > 1, the fusion efficiency was re-

duced to 42% and the error rate was below 3%. On the other hand, for the case where the frequency ratio was α = 

0.5 < 1, the fusion efficiency was rapidly reduced to 12% and the error rate was increased to 16%. For α > 1, the 

net droplet velocity will increase. This will allow less chance of droplet fusion due to the short contact 

time. However, for α < 1, the fusion efficiency will drop and the error rate will increase abruptly. Due to the in-

creased difference in the droplet generation frequency combined with the low droplet velocity, heavy droplet con-

gestion will occur in the parallel channels, causing frequent fusion and sorting errors (error type B). 
 

CONCLUSION 

We have demonstrated a robust droplet fusion of two trains of droplets without fusion/sorting error. This was 

accomplished by the combination of the parallel droplet synchronization using a railroad-like channel and the ma-

nipulation of shape-dependent droplets using guiding tracks. 
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Figure 3 :  Analysis of the frequency-

mismatched droplets in the proposed device. Fusion 

efficiency and error rate are plotted with different 

droplet generation frequency. Ideal fusion efficiency 

is defined as the ratio between the twice of the total 

number of droplets in the lower frequency channel 

and the total number of droplets from both the 

channel 1 and 2. For simplicity, the frequency is 

plotted by using the frequency ratio. 
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AUTOMATED SYSTEM FOR RAPID GENERATION AND TRANSPORT
OF LIBRARIES OF NANOLITER DROPLETS. 

Tomasz S. Kaminski, Sławomir Jakiela, Magdalena A. Czekalska, Witold Postek and Piotr Garstecki 
Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, POLAND

ABSTRACT 
We demonstrate an integrated system (fig.1) for rapid and automated generation of libraries comprising multiple 

(~102-103) populations of sub-nanoliter droplets.  Each population has a distinct chemical composition.  Protocol of genera-
tion of libraries that we report comprises i) generation of a sequence of micro-liter droplets by aspiration of small portions of 
liquid from a 96-well plate ii) injection of this array of droplets into a separate chip, iii) splitting these 'parental' plugs in a 
flow-focusing (FF) module into thousands of tightly monodisperse daughter droplets of sub-nanoliter or nanoliter volumes 
and iv) separation of libraries with plugs of a third immiscible liquid.  This method is compatible with automated microfluidic 
systems that generate droplets of preprogrammed compositions [1] and thus bridges the techniques that individually address 
large (~ µL) droplets with the methods [2] for high-throughput screening of small (~ pL, ~ nL) droplet libraries.   

KEYWORDS: microdroplets, splitting, flow-focusing, droplet libraries 

INTRODUCTION 
Droplet microfluidics can be an interesting alternative to classical robotic stations because they offer lower reaction 

volumes and higher rate of operations.  The challenge for droplet microfluidics is to provide not only throughput but also the 
flexibility and ability to freely address individual reaction compartments that the microtiter systems offer.  The method that we 
report bridges the automated individual control of the compositions of large (µL) liquid plugs with the techniques for high-
throughput screeningof small (pL - nL) drops.  

Figure 1:  Schematics of the microfluidic system for rapid generation of droplet libraries. 

EXPERIMENTAL 
  Fabrication of the chips. We fabricated the polycarbonate microfluidic chips in a 5-mm thick plates of polycarbon-
ate (Macroclear, Bayer, Germany) using a CNC milling machine (MSG4025, Ergwind, Poland).  The milled pieces of poly-
carbonate were thermally bonded to neat 2-mm plates by compressing them together (30 min, 130 °C, 0.4 MPa).  We created 
the world-to-device interface using 21 gauge needles (~ 4 cm, O.D. 0.82 mm, I.D. 0.65 mm, Fishman Corporation, USA). We 
connected the device inlets to resistive steel capillaries (O.D. 400 µm, I.D. 205 µm, length 80 cm, Mifam, Poland) extending 
from the valves using short segments of Tygon® tubing (~ 1 cm, O.D. 0.91 mm, I.D. 0.25 mm, Ismatec, Switzerland) to con-
nect the capillaries with the needles. 
PDMS chip were made by polymer casting. The negative masters were made by moulding PDMS (Sylgard 184, Dow Corn-
ing, USA) onto PC chip and subsequently silanizing  them with vapours of tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-
trichlorosilane (Alfa Aesar, Germany).  Cleaned PDMS negative masters served for moulding of the positive PDMS replicas 
that were subsequently bonded with smooth slabs of PDMS by exposing both parts to 120 s O2 plasma and pressing them to-
gether. The PDMS chips were subsequently modified hydrophobically by flowing Aquapel into channels (PPG Industries, 
USA).  In order to preserve modification, chip was baked in 70oC for 12 hours.  
  Optical interrogation of droplets. We used a Nikon SMZ1000 stereoscope coupled with a Photron Fast-Cam 
1000k camera to monitor the formation and merging of droplets with the frame rate 18 kfps. We measured the area of each 
droplet in ImageJ software.  

RESULTS AND DISCUSSION 
Our system uses a small set of external electromagnetic valves and optical detection [3] and feedback to controllably 

split and separate the resulting sets of drops with immiscible spacers. We found that in order to minimize the dispersion of the 
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volumes of these daughter droplets it is necessary to gradually decrease the width of the microfluidic channel upstream of the 
FF module and that the whole parent droplet must be squeezed into the section of a narrow channel before it enters the orifice 
of the FF splitter. This procedure omits the problems associated with the changes of the curvature of the parent droplet and 
thus diminishes influence of Laplacian pressure on the process of formation of daughter droplets (Fig. 2). Another crucial step 
that ensured production of monodisperse daughter droplets was removal of surfactant from continuous phase of mother drop-
let stream. 

 
Figure 2.  Three consecutive pictures and corresponding graphs show influence of the geometry of the junction on 

level of dispersity of droplet volume. 

 

Figure 3. Micrographs illustrating generation of an exemplary library in a polycarbonate chip. Each library is gen-
erated with a frequency 0.2 Hz. Each element is generated with frequency ~1 kHz. Libraries are separated by air bubbles 
generated on demand. Scale bar is 800 µm. 

We tested reliability of our system using various oils and surfactants: hexadecane with 3% of Span80; FC-40 and 
HFE-7500 perfluorinated oils mixed with 3% of triblock PFPE-PEG-PFPE surfactant. We demonstrated that our system is 
capable of generation of droplet libraries composed of populations of various species (fig. 4a), dilutions (fig. 4b) and volumes 
(fig. 4b).   

We showed preliminary application in testing the viability of bacteria (fig.5) – first we formed library of droplets of  
LB media containing colonies of E.coli and after 3h incubation in 37oC, we carried out rapid (30 Hz) fluorescence read out. In 
the close future we will use our system as universal and robust label-free flow cytometer. Stability of the emulsions was pro-
vided by PFPE-PEG-PFPE surfactant. 

 

 924



 

  Fig 4. Examples of three different input sequences of parental plugs and the corresponding libraries of daughter 
droplets.  The input sequence was delivered via a I.D. = 0.8 mm FEP tubing.  Droplet libraries are separated with immis-
cible spacers (dyed light mineral oil).  Picture a presents libraries with various compositions; picture b – libraries with gra-
dations of concentration and picture c presents libraries with various volumes of daughter droplets. 

 

Figure 5.  Detection of fluorescence of every droplet inside the library with frequency of 30 Hz. Positive droplet 
contain bacterial (E. coli) colony and differ in size from negative droplets due to osmosis during 3h incubation in 37o C. 
 
CONCLUSION 

Here we present a microfluidic system for rapid and automated generation of droplet libraries.  Our technique uses 
micro-liter plugs of preprogrammed compositions and splits them into ensembles of nL droplets.  As such, this method 
bridges the ability to program the compositions of micro-liter volumes with the high-throughput screening devices.  The 
method that we describe can be useful in exploiting the synergy between individual control of the compositions and high-
throughput studies of single cells or molecules and in digital droplet PCR systems. 
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ABSTRACT 

Particle-based capture is a widely used process for target enrichment.  The upcoming generation of integrated biosensing sys-

tems need target capture technologies that are as efficient and as rapid as possible.  Here, we study the effect of magnetic ac-

tuation of streptavidin-coated magnetic capture particles on the capture reaction of 200 nm sized biotinylated fluorescent tar-

get particles.  To overcome limitations due to volume transport and near-surface alignment of reactive particles, and thus to 

accelerate target capture, various magnetic actuation techniques were developed.  Stationary rotation of capture particles was 

found to increase the rate to obtain near-surface. Furthermore, dynamic actuation of particle chains was found to effectively 

accelerate both volume transport and near-surface alignment in the capture reaction.  We conclude that rotational magnetic 

particle actuation can be effectively applied to achieve rapid microfluidic particle-based affinity capture. 
 

KEYWORDS: Magnetic particles, Biosensing, Reaction binding kinetics, Magnetic actuation 
 

INTRODUCTION 

Ultra-high-sensitivity affinity assays count target molecules with single-molecule resolution.[1-2]  Such assays are particularly 

challenging when a low concentration of target molecules is suspended in a small volume of a complex biological fluid. For 

example, when the sample volume is 1 µL and the concentration of target molecules is 1 femtomol/L, at maximum 600 mole-

cules are available for the measurement.  In such cases biosensing becomes limited by counting statistics and every single tar-

get molecule needs to be captured from solution, so the capture efficiency needs to be close to 100%. 

Target capture is often performed using affinity molecules that are coated onto nano- or micro-particles, because such par-

ticles have a high surface-to-volume ratio.[3]  In this paper we report novel methods to achieve rapid capture of low target 

numbers from a small sample volume with very effective use of magnetic particles.  We will demonstrate that time-dependent 

magnetic fields can be used to increase the target capture rate per particle.  As capture model system we use streptavidin–

biotin molecules, coated onto respectively magnetic capture particles (3 µm; named MC hereafter) and fluorescent target par-

ticles (200 nm; FT) to allow for single target resolution quantification of the reaction kinetics.  For quantification, we identify 

the different stages during the reaction, analoguous to a bimolecular binding process [4] (see Figure 1).  First (i) volume 

transport of particles is required to obtain encounters between the different particles. As the particles contain discrete binding 

sites, subsequently (ii) near-surface alignment is required of the opposite binding sites.  When aligned, a non-diffusional rear-

rangement of the interacting binding molecules takes place, which is (iii) the biochemical reaction process.  
 

 
Figure 1: Schematic representation of the different stages in the capture process of targets (in green) by capture particles (in 

grey).  Targets and capture particles are sketched with multiple binding sites (in red).  

EXPERIMENTAL 

In capture experiments, both capture particles (0.5 µL of ~3000 MC/µL; M270, Dynal) and target particles (8.5 µL of 5×10
5
 

FT/µL; Fluospheres, Invitrogen) are dispersed in an 9 µL fluid chamber filled with PBS (phosphate buffered saline) contain-

ing 1 mg/mL BSA (bovine serum albumin) to reduce non-specific binding.  Due to their size and density, the capture particles 

sediment to the bottom substrate. 

First the effect was studied of stationary rotation of single sedimented magnetic capture particles using a horizontal rotat-

ing magnetic field with negligible gradients, generated in the center of a quadrupole electromagnet.  Images were recorded at 

random positions at the bottom substrate using an Andor Luca S EMCCD camera, mounted on a microscope (Leica 

DM6000). To study the effect of rotating single particles, low magnetic particle concentrations were used, and only capture 

by single magnetic particles was considered. 

In further experiments, target capture was studied under magnetic particle chain rotation (at ~4000 MC/µL).  To generate 

the magnetic fields, we use a specifically designed orthogonal arrangement of two quadrupolar electromagnets of which each 

i ii iii 
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pole can be steered separately (see Figure 2a).  For quantification of target capture, the particles were concentrated at the bot-

tom substrate by means of a small magnet (see Figure 2b). 
 

 
Figure 2: (a) Sketch of the experimental set-up with two quadrupolar electromagnets. In the center a closed fluid cell is lo-

cated. The set-up is positioned under a microscope to enable imaging during actuation. (b) Typical microscope image of 

magnetic capture particles (in brown) and captured fluorescent target particles (in green) on the surface of the fluid cell. 
 

RESULTS AND DISCUSSION 

The effect of stationary rotation of sedimented magnetic capture particles was studied by applying a rotating magnetic field.  

First, the response was characterized of sedimented magnetic capture particles in a rotating field [5], as shown in Figure 3a.  

Up to a field frequency of 1.3 Hz, the average particle rotation frequency is found to be equal to the field frequency, but for 

higher field frequencies it decreases as the maximum magnetic torque is reached [5].   
 

 
Figure 3: (a) Rotational response of sedimented superparamagnetic particles in a magnetic field rotating at different fre-

quencies at B = 5 mT.  Above a critical field frequency of ~1.35 Hz, the particle is unable to completely follow the magnetic 

field.[5]  (b) Quantified capture for different rotating frequencies. From the slope, the reaction rate constant may be deter-

mined.  (c) The overall reaction rate constant kon is measured as a function of the rotation frequency of the applied horizon-

tal rotating magnetic field. The amplitude of the applied field was 5 mT. 
 

Next, biotinylated target particles were added to the solution with sedimented streptavidin-coated capture particles, and 

the target capture was monitored during the capture reaction under the application of a rotating field (Figure 3b). The surface 

was randomly scanned for particles with a microscope and every found particle was imaged and the corresponding time was 

recorded. After the experiment, the images were processed and for each image the average amount of captured targets per 

capture particle was determined. The large variation is due the small average number of capture particles per image (~1-2 par-

ticles).  Typically we find that the captured amount of target particles per capture particle increases linearly in time, which 

correspond to estimations that the loss in targets and capture particle binding sites is negligible.  From the slope, the overall 

reaction rate constant may be determined (Figure 3c) and it is found to increase with increasing field frequency to maximum 

factor of 1.5 with respect to no rotation (or very slow rotation).  Above the critical rotation frequency, the reaction rate con-

stant is found not to increase any further.  This caused by the concomitant decrease of the average rotation frequency.  

If the reaction rate would be limited only by radial diffusion to the particles (i.e. volume transport), a reaction rate constant 

would be expected of kdif,surf  = 2.1 x10
10

 M
-1

s
-1 

as was estimated using Comsol Multiphysics simulations of an absorbing 

sphere near a reflecting surface. In our experiments, for low rotation frequencies, it is found that the reaction rate constant is 

kon  = (1.0±0.2) x10
10

 M
-1

s
-1

, which is smaller than the rate constant in case only diffusive transport limiting the reaction rate 

constant.  This indicates that the reaction is also limited by another process, which can apparently be accelerated by physically 

rotating the capture particles (indicating that this process is not the chemical reaction).  

The rotational motion of a capture particle is too slow (Re < 10
-4

 at 1 Hz rotation) to cause any significant radial (i.e. vol-

ume) transport in the surrounding fluid which is thus dominated by diffusion.  The particle rotation can however affect the 

orientation and the surface area that is probed for binding sites during an encounter with a target particle.  In that way, particle 

rotation enhances the rate at which the particles and thus the reactive molecules align.  

(a) (b) 

c

(a) (b) (c) 
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An interesting question is why the increase occurs at a frequency near 1 Hz.  We can compare the tangential  displacement 

of the capture particles to the diffusional root-mean-squared displacement of a target particle, in the typical time period in 

which the target and capture particle are near each other (i.e. at approximately one pixel = ~200 nm).  From our recordings, 

we find that this time period is typically on the order of a few hundreds of milliseconds, i.e. 0.44 ± 0.23 s.  In this time period, 

the tangential displacement of the capture particles is 3.9 ± 2.0 µm at a rotation frequency of 1 Hz, while the root-mean-

squared displacement of the target particles is 1.3 ± 0.4 µm.  Based on these estimations, rotation of the capture particles en-

hances the area that is probed by the targets during the encounter time.  This may explain why particle rotation at these fre-

quencies would increase the rate at which near-surface alignment is obtained.  

 
Figure 4: (a) Chain actuated target capture.  Each data point corresponds to (10 ± 3) ×10

3
 capture particles. Saturation at 

30 Hz is due to field-induced drift which brings particles to the fluid chamber wall. (b) The overall reaction rate constant for 

different frequencies of the rotational field component in the actuation protocol.  
 

To also accelerate radial transport, we have studied the effect of dynamic, i.e. chaotic [6], chain rotation behavior.  Exper-

iments were done at different frequencies while keeping the Mason number constant (which is a measure of the magnetic 

torque with respect to the hydrodynamic drag).[6]  In Figure 4a the measured target capture is shown for rotation at 5 Hz and 

at 30 Hz. From the initial slopes, the reaction rate constant was determined (Figure 4b).  At low frequencies the diffusion-

limited regime is found, while at higher frequencies it is observed that the overall reaction rate constant increases up to a fac-

tor of 4.5±0.5 at 30 Hz horizontal actuation.  Apparently, here the diffusion limitations are overcome both for volume and 

near-surface alignment.   
 

CONCLUSION 

We have studied the effect of rotational magnetic actuation of streptavidin-coated magnetic capture particles on the capture 

reaction of 200 nm sized biotinylated fluorescent target particles.  We have shown that the capture reaction is mainly limited 

by diffusive transport both to generate encounters and to reach near-surface alignment of non-actuated particles.  Rotation of 

individual capture particles enhances near-surface alignment, but not volume transport to create encounters between the parti-

cles.  Rotational actuation of chains of magnetic particles not only enhances near-surface alignment, but also induces 

advective particle transport so that the diffusional volume transport limitation is overcome.  We conclude that dynamic rota-

tional magnetic particle actuation can significantly accelerate microfluidic particle-based affinity capture. 
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ABSTRACT 
    Here we report a microfluidic double bilayer lipid membrane (dBLM) chip designed to study interactions 
between two contacting on-chip membranes. The rapid fabrication of the five-layer device consists of direct milling 
of thermoplastic, hot needle patterning of PVDC thin film, and double adhesive bonding of cover glass. It supports a 
previously reported in situ method for simultaneous formations of two parallel facing bilayers. With a FET based 
membrane selection circuit, we can continuously monitor the capacitance and conductance of the two bilayers by 
electrical measurements while monitoring their growth by confocal fluorescence imaging. By precisely controlling 
their bulging states and (bio)chemical boundary conditions via rapid three way perfusions, this device is potentially 
useful to extend our understanding of membrane interaction and membrane fusion. 
 
KEYWORDS 
Double bilayer lipid membrane, lipid rafts, confocal imaging, membrane fusion  

 
INTRODUCTION 
 Lipid membrane fusion plays a range of important roles in cellular processes. Despite extensive studies of 
membrane interactions, the mechanisms controlling the association and fusion of membranes remains unclear [1]. 
While giant unilamellar vesicles (GUVs) are a natural choice of model membrane for fusion studies, they are enclosed 
elements, with no direct fluidic access to the inner compartment of the vesicle such that the chemical or biochemical 
composition can only be readily changed at the outer compartment. Similarly, isolation of the inner vesicle 
compartment also prevents effective electrical characterization of the membrane, which would otherwise offer an 
orthogonal measurement dimension to elucidate details of average membrane structure. This is particularly important 
for studies of membrane fusion, where electrical characterization may provide new insight into the formation and 
propagation of defects at the interfacing membranes that ultimately lead to fusion. Planar BLMs offer an excellent 
alternative model system to address these limitations. Previously, we reported a microfluidic BLM system that 
supports reliable in situ "kiss and retreat" membrane formation, rapid perfusion, and simultaneous electro-optical 
characterization [2]. Here we extend the design from 
three-layer chip to five-layer structure to enable simultaneous 
dBLM formation. Aided by fluorescence labeled lipid phase 
separation, we successfully observed the growth of planar 
bilayer, jumping out of its supporting PVDC aperture and 
bulging into hemisphere. In addition, a membrane selection 
circuit is developed to monitor the electrical properties of 
membranes continuously.     

 
FABRICATION 

Chip Fabrication. The schematic of a dBLM microchip is 
shown in Fig. 1. Microfluidic channel networks are directly 
milled in a 4.5 mm thick PMMA substrate and through a 
200 µm thick PMMA film. A BLM hosting aperture was 
burnt by hot needle in a PVDC film. They are then thermally 
bonded with PVDC film in between. After a careful 
alignment to ensure the overlapping of two BLM apertures,  a second BLM-hosting PVDC film is thermally 
bonded to the assembly. A 100 µm thick double side 
adhesive polymer film is pattern and used to bond a 85 ~ 
130 µm cover glass to the bottom of second PVDC film. A 
"kiss and retreat" manipulation of lipid solution in the 
middle channel forms two bilayers facing each other at one 
time. All of the top, middle, and bottom channels support 
rapid perfusion that could be used to control the bulging of 
the two membranes or the (bio)chemical conditions in each 
of the three chambers [3]. 

Electronics. In order to measure the capacitance and 
conductance of two bilayers independently in real time, a 
FET-based membrane selection circuit was developed. As 
shown in Fig. 2, three Ag/AgCl electrodes connect the top, Figure 2: Diagram of the membrane selection circuit. 

Figure 1: Schematic of a double BLM microchip. 
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middle and bottom channels to two independent MOSFETs, which are controlled separately by two voltage switches. 

By selectively shorting one membrane, we can make continuous electrical measurements of the lower membrane, 

upper membrane, or series combination of both membranes in real time. Because the MOSFET effectively eliminates 

the charge shock of voltage switches to bilayers, the membranes remain stable in the experiments.  

 

RESULTS AND DISCUSSION 

Lipid Solution. To obtain better fluorescence images of 

lipid bilayers, an equal molar mixture (1:1:1) with total lipids 

10 mg/mL of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-diphytanoyl-sn-glycero-3-phosphocholine 

(DPhPC) and cholesterol with 1 molar % Texas Red labeled 

1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 

(TR-DHPE) is chosen in all experiments. TR-DHPE has 

been shown to effectively partition into the liquid disordered 

phase while being excluded from both the liquid ordered 

phase and gel phase. All fluorescence images presented here 

were taken at 22 ºC, at which the lipid bilayers exhibit 

co-existence of liquid disorder phase and gel phase, as shown 

in Fig. 3.  

Double Bilayer Lipid Membrane Formation. Fig. 3 shows 

fluorescence images of two membranes simultaneously 

formed after a lipid solution is swept past the apertures by the 

"kiss and retreat" method. After membranes were formed, 

confocal images may be taken for each membrane alternately 

to monitor the continuous evolution of gel phase over time. 

Fig. 4 shows a typical observation of gel phase growth under 

transmembrane pressure. The expanding gel phase reveals 

that DPPC is pulled out of supporting annulus as a result of 

applied transmembrane pressure.  

Bilayer Bulging. The controllable perfusion in top and 

bottom microfluidic channel can bulge bilayers inward for 

membrane interaction and fusion, while z-scanning confocal 

microscope allows the sequential process of membrane 

aggregation, contact, dehydration, defect formation, and 

finally defect growth and membrane destabilization to be 

optically observed with high spatial and temporal resolution. 
Application of differential perfusion rates through the channels 

on either side of a membrane leads to membrane formation, 

forcing the BLM out of the plane of its supporting aperture. 

Scanning confocal microscopy along z axis in Fig. 5 reveals the 

bulging state of the membrane. The membrane was formed at a 

PVDC aperture with diameter of ~ 70 µm, while its bulged 

hemisphere has a height over ~ 110 µm. Continuous bulging of 

membranes up to 200 µm has been achieved, enabling two 

mating membranes to be brought into contact across the 100 

µm thick middle perfusion channel separating their respective 

apertures.  

 

CONCLUSION 

Here we present the first effort to enable membrane interaction and fusion studies in microfluidics. With future 

optimization of bulging success rate and characterization of membrane contacting and fusion under different pressure 

condition and (bio)chemical conditions, the dBLM chips offer unique opportunities for biomembrane fusion studies 

using a combination of both electrical and optical characterization. Coupled measurements of membrane interaction, 

contact, and fusion are currently ongoing to probe membrane defects prior to fusion, with the goal of shedding light on 

the debate over the dominant fusion mechanism by the stalk model or defect model [1].   
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Figure 3: Two bilayer membranes formed 

simultaneously when a "kiss and retreat" method is 

performed via lipid injection in the middle channel. 

Figure 4: Real-time imaging of gel phase growth 

under transmembrane pressure.  

Figure 5: Bulging of membrane under applied 

transmembrane pressure. In this experiment, gel 

phase was induced within the deformed membrane. 
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ABSTRACT 

In this study, we developed an allele-specific polymerase chain reaction-microarray (AS PCR-microarray) chip to 
perform the allele-specific gene amplification and microarray-based detection on a single wafer to identify Korean 
indigenous beef cattle, called Hanwoo. For allele-specific discrimination and amplification, Hanwoo-specific ten 
homozygous single nucleotide polymorphism (SNP) sites were chosen and analyzed by AS PCR on a chip, and the 
resultant amplicons were verified by the downstream microarray assay. We could identify Hanwoo with 99.3% 
reliability by detecting the fluorescence signals of the microarray less than three among eleven spots.  
 
KEYWORDS 
Integrated microdevice, allele-specific polymerase chain reaction, microarray, SNP typing 

 
INTRODUCTION 

SNPs which are major variants on genome have been useful genetic markers for investigating inter-individual 
differences in drug response and common diseases [1], and genetic variations in animals as well as human [2]. 
Among SNP typing methods, AS PCR provides high allele-specificity during the PCR reaction [3]. Regarding the 
detection system of the AS PCR amplicons, the microarray format has been widely employed for SNP analysis due 
to its ability of multiplex and high-throughput screening. Thus the integrated AS PCR-microarray microdevice 
would be ideal for SNP typing with advantages of high-speed analysis, high-throughput capability, low reagent 
consumption, and portability. 

Here, we fabricated an AS PCR-microarray chip to identify the DNA fingerprint of Hanwoo with allele-specific 
DNA amplification. Hanwoo-specific ten homozygous SNP sites were selected with a house-keeping gene as a 
control (MDH2). The integrated AS PCR-microarray chip mainly consisted of two parts: the integrated AS PCR chip 
and a disposable microarray chip. The integrated AS PCR chip had a micropump, a PCR reactor, and a micromixer 
channel on a 4-inch borofloat glass wafer. The disposable microarray chip could be attached to the end of the 
micromixer unit of the AS PCR chip, and replaced with new one after use. As a result, ten SNP sites were 
successfully analyzed with high speed and accuracy on a portable instrumentation within 100 min. 
 
THEORY 

AS PCR method provides high allele-specificity during the PCR reaction [3]. Selective amplification is achieved 
by designing a primer such that the primer will match/mismatch one of the alleles at the 3'-end of the primer. By 
adding multiplex primer sets in one PCR reaction, we can obtain multiple PCR amplicons which represent each SNP 
site. AS primers only binding to heterozygous SNP sites which Hanwoo does not have. As a result, Hanwoo should 
show relatively low frequency of AS product on selected SNPs, while imported beef cattle (IBC) has high one in the 
microarray analysis. 
 
EXPERIMENT 

The fabrication process of a microdevice was followed by the previous literature [4]. The integrated AS 
PCR-microarray chip was composed of the AS PCR unit and a disposable microarray chip (Figure 1). The AS PCR 
chip has a micropump, microvalves, a PCR reactor, and a micromixer channel on a 4-inch borofloat glass wafer. For 
temperature-sensing during the AS PCR, four-point resistance temperature detector (RTD) was patterned close to the 
PCR chamber. A film heater and a mini-cooling fan were used for heating and cooling during thermal cycling. A 
poly(dimethylsiloxane) (PDMS) membrane was sandwiched between a channel wafer and a glasss manifold to 
function as microvalves and a micropump. The manifold glass has the patterned pneumatic channels for 
vacuum/pressure access, and linked with a solenoid valve for fluidic control. In the case of microarray chip, it was 
located at the end of a micromixer channel and attached to the assembled microdevice from the bottom. A thin and 
sticky PDMS membrane was plasma-treated and used as an adhesive layer between the AS PCR chip and the 
microarray chip. 

Firstly, the extracted DNA was mixed with a PCR cocktail, which was injected into the PCR chamber. After 
closing the microvalves, thermal cycling reaction was carried out. After AS PCR, the hybridization buffer (6.9M urea 
in saline sodium citrate buffer) was loaded on the inlet well with the valve open, and injected into the PCR chamber 
by continuous micropumping operation. The resultant amplicons and hybridization buffer was mixed together in the 
micromixer channel and placed on the microarray chip. After incubation and washing process, the fluorescence of 
each spot was scanned using a miniaturized fluorescence scanner. 
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Figure 1. A schematic illustration of the AS PCR-microarray chip (a) and the microarray (b). 

 

 
 

Figure 2. Relative allele frequency of beef cattle for each SNP site. Allele sequences are shown under each bar 

(HW: Hanwoo; IBC: imported beef cattle). 

 

RESULTS AND DISCUSSION 

For evaluation of selected SNPs, the genotype on each SNP allele were confirmed using a MassARRAY system 

with 606 heads of Hanwoo and 384 heads of IBC samples which were guaranteed by National Institute of Animal 

Science of Korea (Figure 2). Since the target SNP was adjusted for non-Hanwoo type, the imported beef cattle 

always showed high frequency on each marker (from 0.661 for SNP6 to 0.859 for SNP8), while Hanwoo had 

relatively low values (from 0.041 for SNP3 to 0.101 for SNP1). If the criteria number of the resultant amplicons is 

determined as three or under among eleven products, we can identify Hanwoo with 99.3% fidelity. 

The AS PCR on a conventional thermal block was also carried out with the genomic DNA of beef cattle samples, 

and the resultant amplicons were analyzed using both the microarray assay and the capillary electrophoresis (Figure 

3). Figure 3(a) shows the representative microarray and electropherogram of Hanwoo samples having SNP1 and 8 in 

addition to the MDH2 control. The microarray result was matched with that of the electropherogram data, meaning 

that the sample included T, C, G, G, G, G, C, A, C, and G from SNP1 to 10. Based on the criteria number of three, it 

was proven to be Hanwoo. Figure 3(b) shows the IBC SNP typing. The microarray had all fluorescent spots on each 

probes, which was exactly matched with the electropherogram result. Thus, it could be deduced that the nucleotide 

on the SNP site was T, T, T, A, A, A, A, A, T, and A from SNP 1 to 10. The produced ten amplicons among the 

multiplex AS PCR confirmed that the sample is from an IBC. 

Finally, we performed the integrated AS PCR amplification and microarray assay on a portable genetic analyzer 

which consists of the integrated AS PCR-microarray chip, a miniaturized chip operation device, and a portable 

fluorescence scanner. Figure 4(a) represents the Hanwoo sample, displaying only an MDH2 positive control (less 

than three). Meanwhile, the IBC sample (Figure 4(b)) produced SNP3, 4, 6, 8, 9, and 10 with a positive control 

(more than three). These results imply that the multiplex AS PCR and microarray assay on a chip could be 
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successfully completed to be applied for identifying the animal species. 

 

 
 

Figure 3. Microarray and electropherogram analysis using AS PCR products produced by a conventional 

thermal cycler. (a) Hanwoo; (b) imported beef cattle 

 

 

 
 

Figure 4. Microarray analysis on a portable integrated AS PCR-microarray system.  

(a) Hanwoo; (b) imported beef cattle 

 

 

CONCLUSION 

We developed the microfluidic-based AS PCR-microarray chip for multiplex SNP typing with high speed and 

accuracy on a portable instrumentation. Ten SNP sites were targeted with an MDH2 control, and the resulting three 

peaks or less informs us of the Hanwoo identification with high fidelity. This advanced genetic analysis microsystem 

can be utilized for a variety of biomedical research fields including point-of-care DNA diagnostics, food safety 

testing, and pathogen detection.  
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A SIMPLE YET EFFECTIVE MICROFLUIDIC SYSTEM FOR TRAPPING 
AND RELEASING SINGLE MICROBEADS 

Hojin Kim and Joonwon Kim 
 Department of Mechanical Engineering, Pohang University of Science and Technology (POSTECH), KOREA 

 
ABSTRACT 

In recent years bead-based microarrays have been widely used for biochemical applications due to several advantages 
(e.g, higher binding capacity, resettability, etc.) in comparison with static microarrays using biomolecules immobilized on a 
static solid surface as probe molecules.  This paper introduces a simple yet effective microfluidic system with trapping and 
selective releasing of single microbeads for bead-based microarray applications.  We suggest a simplified trap-and-release 
method that uses a pneumatically driven valve as a removable trap which allows both trap and release functions to be per-
formed by a single component. 
 
KEYWORDS: dynamic microarray, trap-and-release, single microbead, pneumatically-driven valve 
 
INTRODUCTION 

Recently, microfluidic-based trap-and-release techniques for single particles such as microbeads and biological cells 
have been developed to observe their dynamic responses and to sort particles of interest in continuous flow.  For quanti-
tative and high-throughput analyses, several groups introduced trap-and-release integrated dynamic microarray systems 
[1-3].  However, their systems require separate techniques (i.e., optical-based microbubble retrieval and dielectrophore-
sis) to achieve releasing capability and require somewhat complicated device fabrication.  In this regard, we have pro-
posed a hydrodynamic trap-and-release technique of single particles using dual-function pneumatic valves which are in-
tegrated into a single layer with a microchannel [4].  In this study, we propose a dynamic microarray system with an all-
in-one valve system for high-throughput studies (e.g., screening and diagnostic).  In addition, we suggest step-by-step 
movement of trapped microbeads for selectively retrieving microbeads of interest. 

 
THEORY 

Fig. 1 shows our trap-and-release mechanism of single microbeads.  First, a sheath flow is used to regulate the posi-
tion of introduced microbeads, aligning them onto the sidewall (Fig. 1a).  Next, the microbead will go toward the pneu-
matically operated valve functioning as a trap because the center point of the microbead flows inside the main stream en-
tering into the trap (Fig. 1b) [5].  Once the microbead is trapped, the virtual width (wv) become wider than the microbead 
radius because of an increase of the hydraulic resistance toward the trap.  Then, following microbeads flowing inside the 
virtual stream will enter the loop channel.  In this way, traps are filled sequentially.  Microbead release can be achieved 
simply by removing applied pressure as shown in Fig. 1c.  Microbeads of interest can be selectively retrieved with the 
all-in-one valve system by re-trapping all released microbeads inside the following traps as shown in Fig. 1c and 1d.  Se-
lective retrieval can then be achieved by step-by-step movement of microbeads. 

 

 
Figure 1. Schematic top views of trap-and-release mechanism of single microbeads. a) A Schematic view showing the 
microfluidic device consisting of multiple traps b) Trapping mode c) Releasing mode d) Re-trapping mode 
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ANALYSIS 

In our mechanism, the virtual width should be less than the microbead radius before a microbead trap.  Additional in-

flow of sequential microbeads toward the trap should be blocked, so the virtual width after a microbead trap should be 

larger than the microbead radius.  We developed a theoretical model to predict the virtual width to satisfy the mechanism.  

According to continuity equation based on conservation of mass, the virtual width is proportional to the flow rate enter-

ing into the loop channel.  When the flow of a non-compressive Newtonian fluid is pressure-driven, steady and laminar, 

the flow velocity profile under aspect ratios above ~ 1 (i.e., channel height to width ratio) will be parabolic.  Then, the 

virtual width can be expressed as a function of flow rates as follows: 
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where wM is the main channel width, and QL and QM are flow rates entering into the loop channel and the main channel, 

repectively.  From the Hagen-Poiseuille flow problem, the flow rate can be replaced by a pressure difference between 

channel ends and the hydraulic resistance of the micro-channel.  Equation (1) can be then changed to a function of hy-

draulic resistances as follows: 
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where RL and RT are hydraulic resistances of the loop channel and the trap, respectively.  After determining proper values 

of the virtual width depending on the microbead size, geometric dimensions can be determined from the required values 

of hydraulic resistances calculated from equation (2). (Note that the hydraulic resistance is a function of geometric shape 

and dimension of the micro-channel.) 

 

 

Figure 2. a) Experimental setup consisting of a pressure controller and a microfluidic device b) Close-up image of the 

boxed region in (a) showing geometric dimensions of the trap 

 

EXPERIMENTAL 

Fig. 2a shows the experimental setup which is composed of the pneumatic pressure controller and the polydime-

thylsiloxane (PDMS)/glass microfluidic chip.  The pneumatic pressure controller provides electrical switching of applica-

tion of either positive or ambient pressure.  Geometric dimensions of the microfluidic chip are designed to sufficiently 

increase the value of the virtual width when the trap is filled (Fig. 2b), resulting in following microbeads bypassing 

through the loop channel. 

 

RESULTS AND DISCUSSION 

Fig. 3a shows successful trapping of single microbeads of 21 µm diameter when the applied pressure is 180 kPa, and 

sample and sheath flow rates are 100 µl/h and 300 µl/h, respectively.  Furthermore, fig. 3b shows that our trapping mech-

anism offers high trapping efficiency for a single microbead array (N=60).  For determining the conditions for re-

trapping released microbeads, we characterized the relationship between the main flow rate and the duration of the 

“OFF” valve state (Table 1).  As the main flow rate increased, shorter durations were required for re-trapping released 

microbeads at the next trap.  Fig. 3c shows the re-trapping mode of a single microbead that is accomplished at a the main 

flow rate of 100 µl/h and a duration of 20 ms. 
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Figure 3. (a) Superimposed high-speed image of trapping mode of a single microbead (b) Single microbeads trapping 

experimental result (c) Sequence of high-speed images of re-trapping experimental result 

 

Table 1. Relationship between main flow rate and duration of “OFF” valve state in re-trapping mode 

( ×  : no movement, ● : re-trapping at next trap, ○ : passage through next trap) 

Flow rates [μl/h] Duration of “OFF” valve state [ms] 

 10 20 50 80 110 140 

10 × × ● ● ● ○ 

100 × ● ○ ○ ○ ○ 

 

CONCLUSION 

We demonstrated a simple and novel method for trapping and selectively retrieving single microbeads in an array 

format.  In this work, our microarray device was composed of 60 traps but more traps for quantitative assays can be inte-

grated into a single device due to the independence of each trap.  We believe that our method will provide a streamlined 

system with its integration of trap-and-release functions and simple fabrication procedure. 
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INTEGRATED PASSIVE BUBBLE TRAP 
FOR LONG-TERM CELL CULTURE MICROFLUIDIC SYSTEMS  

Karina Ziółkowska, Iga Hofman, Artur Dybko, Zbigniew Brzózka 
Department of Microbioanalytics, Institute of Biotechnology, Faculty of Chemistry, 

Warsaw University of Technology, Poland 
 
ABSTRACT 
    One of the major advantage of microfluidic systems is a possibility of precise control over fluid flow. However, 
this can be significantly disturbed by air bubbles penetrating microchannels. Many efforts are taken to improve 
tubing connections and tightness of experimental set-ups. However, application of gas permeable materials, such as 
PDMS, which are beneficial for cell cultures, is strictly connected with increased risk of air bubble occurrence. 
Therefore, degasing elements should be considered to be implemented in microfluidic chips made of these materials.   
    In this paper, we presented a simple and effective bubble trap structure. The bubble trap (b-trap) can be easily 
integrated with a PDMS microfluidic chip. It can be fabricated during any manufacturing process and its 
implementation is a low-cost solution. The b-trap’s usefulness was proved during long-term cell culture. 
 
KEYWORDS 
Bubble trapping, integration, long-term cell culture, tumor spheroids 

 
INTRODUCTION 

Microfluidic systems made of PDMS have been widely used for cell culture and cell based studies recently. 
They present many advantages over traditional cell culture methods, i.e. possibilities of mimicking in vivo 
environment [1]. Control over fluid flow via microchannels leads to the ability of precise control over culture 
parameters. For example, stable culture conditions have already enabled four-week 3D human cell culture on-chip 
[2]. Long-term cell cultures are particularly useful in drug screening research, i.e. for repeated doses treatment or 
delayed toxicity evaluation. 

PDMS is an advantageous material for cell culture applications, mostly because of its biocompatibility, 
transparency and gas permeability. However, application of PDMS has also some drawbacks. PDMS is permeable 
for air and water vapor, therefore air bubbles occur in the microfluidic systems made of PDMS. Occurrence of air 

bubbles often limits success of long-term on-chip cultures 
(Fig.1). The longer culture is, the more frequently bubbles 
are observed. Therefore, development of a bubble trap 
(b-trap) integrated with a microfluidic system is an 
understandable effort [3,4]. 

We present a simple passive b-trap (Fig.2), which can 
be easily integrated with PDMS microfluidic systems. It 
takes an advantage of two phenomena: (1) increasing 
fluidic resistance of a narrowing of a channel and (2) air 
bubble up-floating. Integration of our b-trap, on the 
contrary to already reported solutions [3,4], does not 
require additional fabrication steps or sophisticated 
machining. Moreover, the b-trap works without any 
external force or pumping. It can be fabricated during any 
manufacturing process and its implementation is a 
low-cost solution. 

 
EXPERIMENT 

The b-trap consists of an obstacle-containing 
microfluidic channel and an above, drilled-through well, 
sealed with a 0.5 mm thick, air-permeable PDMS 
membrane. Fluidic resistance can be increased by 

Figure 2: (A) Construction of the b-trap containing 
PDMS chip: bottom layer contains microfluidic 
structure and upper layer contains tubing 
connection ports and b-trap. PDMS membrane was 
bonded using oxygen plasma treatment. Variants of 
narrow channels: (B) single channel and (C) 
multichannel. 

Figure 1: Effect of air bubbles on 3D cell culture: (A) cells 
seeded to the microwell, (B) air bubble, (C) organoid of 
changed morphology. (D) correct morphology of a 
spheroid. 
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narrowing of one channel (Fig.2:B) or the channel split into several narrow channels (Fig.2:A). A bubble pushed via 

the channel, when coming into the obstacles is more preferably trapped in the well than pushed via the obstacles 

(Fig.3). Overpressure present during medium flow provides air penetration through the membrane out of the device. 

It was observed, that obstacle-less b-traps were effective enough during stop-flow periods of cell-chip incubation, 

but were not able to catch bubbles while medium flow was applied. Different types of obstacles were considered and 

an increase of fluidic resistance was calculated for them (Fig.4). Experimental results demonstrated that minimum of 

1.5 fold fluidic resistance increase was sufficient for bubble trapping in the well (for flow rates up to 10 µL/min). 

Moreover, multichannel b-traps were more effective at lower values of resistance increase than single-channel ones. 

A b-trap with three parallel narrow channels was chosen as optimal for cell culture device. It provided uniform cell 

seeding, which is a crucial factor for future applications. 

Possible flow disturbances caused by the b-trap integration were verified using sheath-flow microsystem (Fig.5). 

The b-trap was placed above one of the side-stream channels and deflections of the central stream were observed. 

Different flow rates and different side-to-central stream 

ratios were examined and no significant flow disturbances 

were detected. 

Finally, the b-trap was integrated with a microfluidic 

chip for long-term spheroid culture, which was presented 

before [2]. 3D cell culture system was fabricated using 

double casting in PDMS with a thermal aging step [5]. 

B-traps were located at the inlet microchannels (Fig.6). 

HT-29 cells were cultured for over three weeks in the 

Figure 5: Study of stability of the sheath-flow zone: 

(A) geometry of the microsystem and (B) 

symmetrical sheath flow, flow rates at each inlet = 

4µL/min. 

Figure 6: (A) Bubble traps integrated with the cell 

culture microsystem (after stop-flow 24h 

incubation). (B,C) Growth of correct spheroids. (D) 

Cell viability assay. 

Figure 4: Results of fluidic resistance calculations for different 

variants of obstacles. Fluidic resistance increase suitable for 

effective bubble trapping according to experimental results 

marked for a single channel (A) and multichannel (B) b-traps. 

Figure 3: Sequencing frames of the experiment on bubble trapping in 

the multichannel b-trap. 
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b-trap containing chip. Effective bubble trapping was observed within this time. Bubble-free culture of spheroids 

provided unimpeded growth and high viability of the cells. Experiments requiring long-term culture and utilizing 

cell chips integrated with the b-traps are in progress. 
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ABSTRACT 

Herein we reported an approach utilizing nanoparticle crystal (NPC) as an electrical read-out biosensor to detect 
the human α-thrombin. We first modified the surface of the 540nm silica nanoparticles with thrombin binding 
aptamer (TBA1) and the minimum concentration that could be detected was around 5nM. We then used another 
thrombin binding aptamer (TBA2) to enhance the readout signal. The result indicated that the signal intensity was 
amplified by about three folds. Being easy to be surface modified, low cost and electrical read-out, the NPC can be a 
promising biosensing scheme in the micro total analysis system. 
 
KEYWORD 
Nanoparticle crystal, biosensor, aptamer, human α-thrombin, signal enhancement 
 
INTRODUCTION 

Nanofluidics has been acknowledged as a promising biosensing scheme because of its electrical readout ability 
and fluidic operation essence1. However, nanofluidic biosensors still face some serious challenges from difficulty in 
surface modification, complexity and costliness in manufacture. Recently, it has been found that NPC exhibited the 
typical electrokinetics of a single nanochannel, namely the conductance across the single nanochannel or the NPC is 
proportional to the surface charge density, while insensitive to the bulk ionic concentration, when the ionic 
concentration of the buffer is low enough2. Based on this phenomenon, NPC could be a good alternative of 
traditional nanofluidic biosensors because of its easy surface modification, simple and cheap fabrication.  

Aptamers are synthetic oligonucleotides which can bind a certain target. Compared with antibodies, aptamers 
have the same or even better high binding affinity and selectivity for their target molecules. What’s more, aptamers 
have several other advantages over antibodies, such as chemical synthesis in vitro, easy to be stored and 
cost-effective. Two different human α-thrombin binding aptamers (TBA1 and TBA2), which bind distinct epitopes 
of thrombin, have been extensively studied3. 

So herein we reported a NPC nanofluidic human α-thrombin sensor by packing 540 nm silica particles with 
surface modified by TBA1 in a prefabricated micropore structure. And we also demonstrated a detection signal 
enhancement by using TBA2.  
 

 
 

 
Figure 1. Variation of conductance across the NPC with 

the buffer ionic concentrations varied from 1 μM to 0.1 M. 

 
Figure 2. Schematic illustrations of detection and 

signal enhancement mechanism.  
 
EXPERIMENTAL PRINCIPLE 

For a given straight nanochannel, if the diameter is larger than the Debye length, the conductance across the 
nanochannel will be proportional to the bulk ionic concentration. On the contrary, if the feature size of this 
nanochannel is equal to or smaller than the Debye length, then the electric double layers will overlap inside the 
channel and the ionic conductance will be proportional to the surface charge density while not insensitive to the bulk 
ionic concentration. Similarly, the close packed NPC also enjoys this electrokinetics, as shown in Fig 1. From this 
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figure, we can see that the conductance across the NPC has changed little when the ionic concentration is low where 
the Debye length is larger than the interstices inside the NPC. This lays the foundation for the NPC to be used for 
biosensing. In this scenario, as shown in Fig 2, the silica nanoparticle used in this experiment was originally 
modified with streptavidin. Then the nanoparticle could easily bind the TBA1 with biotin modification at its 
5’-ternimal. This TBA1-binding particle then was packed inside a micropore to form the NPC. In thrombin solution, 
when the TBA1 inside the NPC captured the thrombin, which was negative charged under this condition, the surface 
charge density of the nanoparticle would increase correspondingly, so as the conductance across the NPC. The 
readout signal intensity varied with the different concentrations of thrombin and then we could reverse deduced the 
concentration of thrombin based on the readout signal intensity.  

In signal enhancement, the TBA2, which bind a distinct epitope of thrombin, was also negative charged. So the 
surface charge density of the nanoparticle would increase more as the TBA2 bind the thrombin captured by TBA1. 
Then the intensity of readout signal would be amplified.    
 
EXPERIMENT 

TBA1 with fluorescent molecule FAM modification at 3’-ternimal was first used to confirm that TBA1 could 
bind the silica nanoparticle through biotin-streptavidin reaction. The result indicated that the binding efficiency 
increased as the binding reaction time increased. (The result was not shown here) To optimize an assay to be as both 
quick and efficient as possible, a 1-h incubation time was used for the binding in the following experiment. To get 
the NPC, 10μl TBA1-binding nanoparticles in DI water (50 mg/ml) was loaded into a pre-fabricated micropore with 
edge length of 20μm and depth of 50μm (Fig. 3A). After being kept overnight, nanoparticles were assembled in the 
micropore to form the NPC (Fig. 3B). A home-made gadget was used for chip fixing during the electrical 
measurement (HP 4156B, Agilent), as shown in Fig. 3C. 

 

 
Figure 3. A) Chip with the micropore; B) SEM photo of NPC inside the micropore and the inserted photo showed 
detailed packed particles. The scale bars were respectively 10μm and 1μm; C) Photo of electrical measurement 
devices.  

 

  
Figure 4.The electrophoresis current varied with the time 

in both thrombin solution and DI water. 
Figure 5. Variation of conductance with concentrations 
of thrombin dissolved in DI water varied from 0nM to 
100nM. And the inserted photo showed the typical I-V 

curve. 
 
After loading the thrombin in the reservoir, a 10 V-bias was first applied for 10min to electrically drive the 

thrombin molecules through the NPC for capturing. Variation of the electrophoresis current with the time was shown 
in Fig. 4. I-V curves across the NPC were then measured with bias varied from 0 V to 1 V. The preliminary 
experimental results, as exhibited in Fig. 5, indicated that the conductance increments could be used to trace back the 
thrombin concentration down to around 5nM.  

Another thrombin binding aptamer, namely TBA2, was used to further enhance the surface charge variation, so 
as to enlarge the electrical readout signal intensity of the present biosensor. In this experiment, the target thrombin 
molecules were first incubated with TBA2 for 2 hours before being added into the reservoirs. Considering more 
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bases may provide more charges, TBA2 with sequences of 10 and 20 thymine bases (TBA2-10T, TBA2-20T) 
modifications at its 5’-terminal were also tested as signal-enhancement molecules. Interestingly, only TBA2 worked 
as expected and amplified the readout signal intensity considerably, as shown in Fig. 5, say in 50nM thrombin 
solution, the signal intensity was amplified more than 3 times. The reason why TBA2-10T or TBA2-20T didn’t work 
here may be that the extra bases (10T and 20T) prevented TBA2 from forming the specific three-dimensional 
structure, which we know is the key for TBA2 to bind thrombin. That is to say that the extra modification of TBA2 
has a negative influence on the binding between TBA2 and thrombin.  

 

  
Figure 6. Conductance variance with the thrombin 

concentration in the signal enhancement experiment 
Figure 7. Conductance variance with the thrombin 

concentration in controlled experiment 
 

Non-specific absorption of thrombin molecules on the nanoparticles could be neglected as neither random 
ssDNA probed nor naked NPCs had statistic responses to the thrombin concentration variation, shown in Fig. 7. 
 
CONCLUSIONS 

Briefly, this work reported a NPC-based nanofluidic biosensor for thrombin detection with sensitivity of 5 nM. 
A sandwich-type signal enhancement was demonstrated for the first time, which is believed useful for ultralow 
concentration sensing. 
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MICROFLUIDIC SYNTHESIS OF MICROMETER-SIZE COLLAGEN 
HYDROGEL PARTICLES FOR CELL MANIPULATION APPLICATIONS 

 
Sari Sugaya, Masumi Yamada, and Minoru Seki* 

Chiba University, Japan 
 
ABSTRACT 

In this paper, we present a microfluidic system to produce micrometer-size collagen hydrogel particles.  
Aqueous droplets containing collagen molecules were generated in the continuous phase of a polar organic solvent at 
a microchannel junction, and then, collagen molecules were concentrated by the dehydration of the droplets.  The 
collagen molecules in the shrunk droplets were chemically cross-linked, forming collagen hydrogel particles with 
sizes of 10~20 !m.  As a biological application of the obtained particles, heterogeneous spheroids made of cells 
and magnetic beads-incorporated collagen particles were formed by incubating them in non-adhesive hydrogel 
microwells, and the formed cell-particle complexes were manipulated and recovered by applying a magnetic field.  
The presented collagen particles would be useful as functional materials for cell manipulation and tissue engineering 
applications. 
 
KEYWORDS 

Collagen, Hydrogel microbeads, Spheroid, Polar organic solvent 
 

INTRODUCTION 
Collagen is a group of bioactive proteins forming hydrogel, and plays as one of the most essential ECMs [1].  

Collagen hydrogels provide suitable 3D environments for functional cell culture platforms.  Researchers have 
demonstrated cell culture applications utilizing collagen hydrogels, including tubular hydrogels for endothelial 
tubulogenesis [2] and spherical beads for 3D tissue construction [3].  Microfluidic technologies have been used to 
produce monodisperse hydrogel beads with diameters of > 50 µm.  However, production of small collagen 
hydrogel particles with sizes similar to mammal cell sizes has not been reported yet, mainly because of its difficulty 
in forming small-size droplet of the sol solution, as well as the relatively-low gelation speed and insufficient physical 
stiffness.  We have developed a microfluidic technique to produce micrometer-size hydrogel particles (alginate and 
chitosan) by using non-equilibrium droplets [4], with sizes of 10 !m or less.  In this paper, we applied this 
technique to producing collagen hydrogel particles.  In addition, collagen hydrogel particles incorporating magnetic 
beads were prepared for cell manipulation applications.  Cells attached on the collagen particles and heterogeneous 
cell spheroid composed of cells and collagen particles were formed by culturing cells with the collagen particles.  
We demonstrated the manipulation of these cell-collagen particle complexes by applying magnetic fields.  

 
EXPERIMENT 

The procedure of preparing collagen hydrogel 
particles is shown in Fig. 1.  Droplets of a diluted 
collagen solution are formed in a polar organic 
solvent.  The formed W/O droplets are shrunk 
because of the dissolution of water into the 
continuous phase.  The shrunk droplets are then 
chemically cross-linked by adding a cross-linking 
reagent in the downstream of the microchannel.  
In the experiment, PDMS microchannels were 
fabricated by standard soft lithography and replica 
molding (Fig. 2 (a)).  The channel depth was 
uniform, 55 !m.  The width of the 
droplet-generation channel (the first confluence) 
was 50 !m.  The lengths of the water extraction 
channel and the cross-linking channel were 70 and 
75 mm, respectively.  Methyl acetate (solubility 
of water: 8%), collagen type I (rat tendon) 
dissolved in an acidic solution, and glutaraldehyde 
in PBS were introduced into the PDMS 
microchannel as continuous phase (Q1), dispersed 
phase (Q2), and cross-linking reagent (Q3), respectively.  The generated droplets and the synthesized particles were 
observed by using an optical microscope.  To confirm if the obtained particles are composed of the native collagen 
molecules, particles were stained with Picrosirius Red.  To control the morphologies of collagen particles, 
compositions of the collagen solution, flow rates, and the types of the cross-linking reagent were changed. 

As an application for cell manipulation, magnetic collagen particles were prepared by suspending paramagnetic 
beads (!: 50 nm) in the collagen sol solution.  The obtained magnetic collagen particles and NIH-3T3 or Hep G2 

Figure 1: Schematic image showing the production process of 
micrometer-size collagen hydrogel particles.  Droplets of a 
collagen sol solution are formed in a polar organic solvent 
(methyl acetate).  Water in the droplet is dissolved into the 
continuous phase, and droplets are shrunk.  Concentrated 
collagen droplets are cross-linked by glutaraldehyde, and 
hydrogel particles smaller than the initial droplets are 
obtained. 
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cells were mixed and incubated in non-adhesive hydrogel microwells, and subsequently cultured for 3 days.  The 
formed cell-collagen particle complexes were moved and recovered by applying a magnetic field. 

 
RESULTS AND DISCUSSION 

Fig. 2 (b, c) shows the generated droplets of the collagen sol solution (0.1%) flowing through the microchannel.  
The droplet volume was gradually decreased, and the final volume of the shrunk droplet was ~0.94% of the initial 
droplet at the second confluence.  Methyl acetate and PBS with glutaraldehyde formed parallel laminar flow in the 
cross-linking channel, and the shrunk collagen droplets were cross-linked by glutaraldehyde.  The obtained 
collagen hydrogel particles had disk-shape morphology, resembling erythrocytes (Fig. 2 (d, e)).  The average 
diameter and thickness of the collagen particles were 17.0 and 8.0 !m, respectively.  This disk-shape morphology 
would be caused by the localization of collagen molecules in the circumferential region of the droplet during the 
water dissolution, which was similar to the previous observation in producing toroidal polymer particles [5].  The 
particles stained by Picrosirius Red exhibited red color, indicating that the obtained particles were made of fibrous 
collagen, and this particle preparation process did not severely denature the collagen molecules (Fig. 2 (f)).  In 
addition, morphologies of the collagen particles were controlled by changing the flow rates, the types of collagen 
and the cross-linking reagent (Fig. 2 (g,h)). 

As an application for cell manipulation, FITC-labeled spherical collagen particles incorporating magnetic beads 
were produced (Fig. 3).  After incubating NIH-3T3 cells with paramagnetic collagen particles for 12 h, cells were 
attached on the collagen particles, and it was possible to the move the cell-particle complexes and collected them by 
applying magnetic fields.  As shown in Fig. 3 (e, f), heterogeneous spheroids composed of collagen particles and 
cells were formed by incubating Hep G2 cells with magnetic collagen particles in non-adhesive circular 
microchambers made of agarose hydrogel.  These heterogeneous spheroids were also recovered by applying 
magnetic field.  The presented micrometer-size collagen particles would be highly useful as building blocks for 
tissue engineering, model of erythrocytes, and drug-eluting carriers. 

Figure 2:(a) Schematic diagram showing the microchannel design.  (b, c) Micrographs of the droplets (b) 
generated at the confluence (! = 71.8 !m, CV = 3.6%), and (c) entering the second confluence after 
shrinkage.  (c) Micrographs of the obtained collagen hydrogel particles having disk-shape morphology.  (d) 
Size distribution of the obtained collagen particles.  The average diameter and thickness were 17.0 and 8.0 !m 
with corresponding CV values of 7.3% and 14.6%, respectively.  Methyl acetate, 0.1% collagen I in 0.02N acetic 
acid, and 2.5% glutaraldehyde in PBS were used as the continuous phase, dispersed phase, and the cross-linking 
reagent, respectively.  Q1, Q2, and Q3 were 30, 0.9, and 15 !L/min, respectively.  (f) Collagen particles stained 
with Picrosirius Red.  Red color indicated the presence of fibrous collagen.  (g, h) Collagen hydrogel particles 
prepared under different conditions.  Particles with (g) a larger concave area obtained by changing the flow 
rates and (h) a thinner and crumpled shape obtained by changing the composition of the collagen solution. 
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CONCLUSIONS 

We have presented a process to produce cell-size collagen microbeads utilizing the non-equilibrium 
microfluidics, which are difficult to obtain by using conventional techniques.  As biological applications, 
manipulation of cells and cell spheroids were performed utilizing magnetic collagen particles.  The presented 
micrometer-size collagen hydrogel beads would be highly useful as new types of cell handling tools and cell 
cultivation matrices for tissue engineering. 
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Figure 3: (a, b) Schematic images showing (a) cell adhesion and transportation, and (b) formation of 
heterogeneous spheroids.  (c) Micrographs of magnetic collagen particles containing FITC-labeled collagen.  
(c) NIH-3T3 cells attached onto a collagen hydrogel particle.  Cell nucleus was stained with Hoechst 33342 
(blue).  (d) Hep G2 cells and collagen particles cultured inside non-adhesive agarose hydrogel microwells at Day 
1.  (e) Recovered heterogeneous spheroids after 3 days of incubation. 
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MICROCHAMBERS FOR ARRAYING ULTRA-HIGH DENSITY 
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ABSTRACT 
   Current methodologies for arraying proteins using cell-free protein synthesis on a chip have spatial limitations 
that prevent reaching ultra-high density necessary for high throughput analysis. To circumvent this, we developed an 
on-chip method based on microcompartmentalization of protein synthesis. Proteins are synthesized in arrayed 
micrometer scale chambers from confined DNA template molecules. Dimensions of the compartments are 
compatible with the best nanospotters for delivery of DNA templates and CFPS solutions in each microreactor. 
On-chip protein expression is highly efficient and the method can be used with the minimal amount of template i.e. 
single DNA molecules to perform digitalized cell-free protein synthesis (d-CFPS). A functionalized surface at the 
floor of the tightly sealed microchambers enables direct capture of expressed proteins. A density of 104 protein spots 
per mm2 was achieved, which represents a gain by more than 3 orders of magnitude over conventional methods. 
Such a level of density would correspond to several proteomes on a single chip for high-throughput analysis with 
direct comparative studies. 
 
KEYWORDS 
Microchamber array, Protein array, Cell-free protein synthesis, Single DNA molecule.  

 
INTRODUCTION 
   Protein microarray technology has developed into one of the most active areas in biotechnology today for drug 
screening, biomarker discovery and analysis of protein-protein interactions. In the present technology, proteins are 
separately expressed, purified and spotted to fabricate protein arrays, a method that costs time and effort. The 
challenge of arraying protein spots without these multiple steps has recently been benefited from on-chip cell-free 
protein synthesis (CFPS) [1]. However, for current on-chip CFPS, the large inter-spot spacing is necessary in order 
to prevent cross-contamination between protein spots since on-chip CFPS is up-to-now performed in a single large 
compartment. Here, we present an on-chip method based on microcompartmentalization of individual reactions for 
generating protein arrays with ultra-high density. We call synthesis from single or a few DNAs digitalized CFPS 
(d-CFPS), where arrayed PDMS microchambers are used to confine individual DNA molecules with a cell-free 
lysate capable of coupled transcription and translation (Fig. 1). A capture slide provides a functionalized surface in 
each microchamber, which serves to immobilize the newly synthesized proteins. The array of protein spots on a solid 
surface is obtained, with the exact pattern defined by the microchamber array, by peeling off the PDMS chip.  

 
EXPERIMENTAL 

PDMS chips and mold master were fabricated with conventional replica molding and photolithography using a 
negative-type photoresist. The patterned structure had a cylindrical shape, 7 µm in diameter and 5µm in height. For 
easy release of the PDMS replica, the mold master was exposed to CHF3 plasma and coated with a fluorocarbon 
layer using a Reactive Ion Etching machine (RIE-10NR, Samco Co.). Prepolymer of PDMS was mixed with curing 
reagent 10:1 mass ratio, poured over the mold master and the mixture cured at 110 ˚C for 30 min. The fabricated 
PDMS chips were coated with a 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer to prevent protein 
adsorption and ensure that the internal walls of the chamber are hydrophilic for easy injection of reagent. MPC 
 
 

 

Figure 1. Experimental concept of CFPS. Proteins are synthesized from DNA molecules trapped in the presence of 
the cell-free protein synthesis system, and bound to a capture slide. Protein array is achieved after peeling off the 
PDMS microchamber array.  
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coated PDMS sheets were soaked into water over night until use. The gene of Emerald GFP (EmGFP: S65T, S72A, 
N149K, M153T, I167T) in the plasmid pRSET/EmGFP (Invitrogen), was substituted by the one coding for the red 
fluorescent protein E2-Crimson. Commercialized CFPS reagents were mixed according to the manufacturer’s 
instructions. A droplet of the cell-free synthesis system was sandwiched between the PDMS chip and the microscope 
coverslide. Microchambers were tightly sealed by pressing the PDMS chip against the microscope coverslide. 
Reactions were carried out at 30 °C on the microscope stage. Fluorescence was monitored with the appropriate 
filters for EmGFP and E2-Crimson. Calibration of the EmGFP and E2-Crimson concentrations in the microchambers 
was performed with a fusion protein E2-Crimson-EmGFP. For experiments, the illumination system was controlled 
by Andor iQ (Andor Technology Plc.). Image acquisition was obtained using iXonEM +885 EM-CCD Camera 
(Andor Technology Plc.). 
 
RESULTS AND DISCUSSION 

In order to test d-CFPS feasibility, DNA molecules were digitalized on the microchamber array by using a dilute 
solution of DNA so that the distribution of the number of DNA molecules sealed within the chambers follows a 
Poisson distribution. This simple configuration allows no need of special equipment for spotting a few or single 
DNA molecules. On-chip protein synthesis was monitored in real time by following the fluorescent signals for 
Emerald GFP (Fig. 2). Fluorescence signals from different chambers increased with time. This rate, corresponding to 
a single DNA molecule in a microchamber is almost identical to the bulk rate of 14 molecules per minute. The 
protein spots were obtained by pealing off the PDMS sheet after 6 to 7 hours of reaction. His-tagged proteins 
(E2-Crimson) were bound on Ni-NTA coated slide with the exact pattern defined by the PDMS microchamber array 
(Fig. 3), where the concentration was 0.6 DNA molecules per chamber. An analysis of the distribution of the 
fluorescent spots is well fitted by a Poisson distribution with the expected occupancy (Fig. 4). The Poisson 
distribution of DNA occupancy indicates that 20% of protein spots are synthesized from single DNA molecules. For 
E2-Crimson, the Ni-NTA slide captured close to 90% of the amount of protein synthesized during d-CFPS. With 
higher DNA concentration (24 DNA molecules per chamber), all the microchambers are statistically filled with 
several copies of the DNA template. The protein spots on the capture slide are 7 µm in diameter, a value identical to 
the diameter of the microchambers (Fig. 5). The result is consistent with the absence of any detectable “cross-talk” 
between neighboring chambers. The efficiency of the his-tagged protein binding to the Ni-NTA coated slides was 
assessed by comparing the fluorescence intensity from each chamber before and after pealing off the PDMS sheet.  
 

 

Figure 2. Time-lapse images of CFPS during incubation. Fluorescence intensities inside the chambers were 
gradually increased with time due to the accumulation of protein molecules. Scale bar is 30 µm. 

Figure 3. Fluorescence images before and after peeling off the PMDS sheet for his-tagged E2-Crimson. His-tagged 
proteins were bound on Ni-NTA coated slide with the exact pattern defined by the PDMS microchamber array. Scale 
bar is 30 µm. 
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Figure 4. Spots of E2-Crimson captured on Ni-NTA coated slide (top). Scale bar is 30 µm. Statistical analysis of 
each spots (bottom). 
 

 

 
 
Figure 5. Ultra high-density protein spots for E2-Crimson arrayed on a Ni-NTA coated slide (top). Scale bars are 30 
µm. Fluorescence intensity profiles for white dashed-rectangle on the magnified image (bottom).  
 
 
CONCLUSION 

We achieved a density of 104 protein spots per mm2, which represents a gain by more than 3 orders of magnitude 
over conventional methods. This is a further step towards miniaturization and the generation of protein arrays with 
extremely high densities in the micrometer scale. Such arrays would allow direct comparative analysis of several 
proteomes displayed on a single chip and improve the high-throughput analysis capacity. 
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DEVELOPMENT OF LABEL-FREE BIOSENSOR FOR THE DETECTION OF 
ADENOSINE DIPHOSPHATE AS A UNIVERSAL KINASE/ATPASE ASSAY 
USING NANOIMPRINTED FLEXIBLE TWO-DIMENSIONAL PHOTONIC 

CRYSTAL 
Tatsuro Endo1, Bernadette M. Henares1 and Hideaki Hisamoto1

1Osaka Prefecture University, Japan 
 

ABSTRACT 
The use of photonic crystals (PC) as biosensors for label-free detection of kinase activity is presented. Here, we 

exploited the unique optical properties of PC to detect enzymatic reactions using Protein Kinase A (PKA) as model 
system. Detection of one of the reaction products, adenosine diphosphate (ADP) was achieved with sufficient sensitivity 
using nanoimprinted flexible two-dimensional PC (2D-PC) without the use of tags or dyes. This assay offers a rapid, 
simple and cost-effective method which can be used as a universal assay procedure to detect kinase reactions.    

KEYWORDS 
Photonic crystals, biosensor, kinase assay, label-free, adenosine diphosphate 

INTRODUCTION
The increasing recognition of kinases as validated drug targets has been the subject of intense research interest 

because of their association with broad range of diseases and disorders, including cancer [1]. The development of 
technologies that involve rapid, cost-effective and easy-to-use device to monitor the activity of these enzymes is therefore 
of utmost importance to develop novel therapeutics. The ability of PCs to detect changes in reflectance intensity without 
the use of tags, dyes or radiometric reagents makes them an ideal stage for simple and rapid analysis of enzyme reactions.  
We have previously reported the use of 2D-PC as a novel single-step label-free biosensor using insulin:anti-insulin as 
model system [2].  We want to pursue the application of PC not only to monitor binding but also detect enzyme reaction 
through changes in PC property. This can open a wide range of applications such as kinase inhibition assays that are of 
great interest in the field of drug development.

EXPERIMENT 
The design of the PC biosensor takes advantage of the specific optical characteristics created by the periodic 

nanostructures where upon ADP binding to the immobilized anti-ADP on the PC surface, alters the distance and angle of 
the reflected light. This interaction leads to a change in reflectance intensity in accordance to Bragg’s Law. Hole-array 
PC (hole diameter and distance between holes: 240 nm) was fabricated via nanoimprint lithography (NIL) on 
cyclo-olefin polymer (COP) film (thickness: 100 μm) to produce a 2D-PC with a reflection wavelength of ∼480 nm. The 
design of the experiment is depicted in Figure 1. 

Figure 1. A schematic diagram for the label-free detection assay of ADP using nanoimprinted photonic crystal to monitor 
kinase/ATPase activity 

Label-free detection of ADP was carried out by immobilizing polyclonal anti-ADP antibody (1 μg/ml) onto the 
nanoimprinted flexible 2D-PC surface (Fig1.1) through self-assembled monolayer (SAM) [3]. Selectivity of anti-ADP 
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was tested by incubating adenosine monophosphate (AMP), adenosine triphosphate (ATP) and ADP onto the 
surface-immobilized antibody.  A calibration curve was constructed by incubating different concentrations of ADP onto 
the immobilized antibody on the PC surface for 30 mins at ambient temperature.  On the other hand, PKA activity was 
monitored using a PKA peptide substrate. A reaction mixture containing the kinase, substrate, MgCl2 and ATP  was 
prepared in 20mM phosphate buffer, pH 6.5. The reaction was allowed to proceed at the indicated time points (1, 2, 3 
hours) at ambient temperature (Fig.1.2) and ADP produced was allowed to be adsorbed onto the immobilized anti-ADP 
antibody (Fig.1.3). Reflection intensities were determined using dry conditions at wavelengths 350-800 nm (Fig.1.4) 
using a UV/VIS spectrophotometer [4].  

 
RESULTS AND DISCUSSION 

Protein kinases play a major role in signal transduction by phosphorylating a substrate at specific amino acid residues 
using ATP.  This chemical reaction yields ADP as one of the products.  Kinase activity assays usually monitor the 
production of phosphorylated substrates which make the procedure very selective. To develop a general method to 
monitor any kinase reaction, we devised an assay that monitors ADP using anti-ADP anti-body immobilized on a 2D-PC. 
We took advantage of the PC property where surface modification leads to a change in reflection intensity. Results 
showed that immobilized anti-ADP is selective towards ADP while discriminating other nucleotides (Figure 2).   
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Figure 2. Selectivity of the surface immobilized anti-ADP towards ADP 
 

A dose-dependent decrease in reflection peak intensity upon binding of different ADP concentrations to the 
immobilized anti-ADP on the PC surface was observed (Figure 3a, b and 4a). These results indicate that 2D-PC is 
amenable to detect small molecules, thus a quantifiable data can be achieved using this method.  
 

 
           

Fig  in 

 
 
 
 
 
 
 
 
 
 
 
 

ure 3. Change in reflectance peak intensity at 480 nm as a function of ADP concentration. (A) Raw data (B) Change
reflection peak intensity of ADP solutions upon binding to anti-ADP immobilized onto PC. 

 
 

The ability of surface-immobilized anti-ADP on 2D-PC to detect ADP as product of the PKA enzymatic activity was 
observed through changes in reflection intensities (Figure 4). ADP production observed over time is a clear indication of 
a chemical reaction taking place.  Moreover, this assay can detect reasonable sensitivity at low nanomolar 
concentrations of ADP. This study shows that 2D-PC can be used to monitor any chemical reaction involving small 
molecules.   
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Figure 4. Quantitation of PKA kinase activity (A). ADP calibration curve (B). ADP detection from PKA kinase activity 
 
CONCLUSION 

Existing technologies on kinase screening and profiling involve the use of specific reagent for a specific target and 
require radioactive isotopes to test activities. Furthermore, ADP detection assays involve the use of fluorescently labeled 
tags or enzyme-coupled reactions which complicate and possibly alter structure and by extension interactions. Thus, 
single-step, label-free assays for ADP detection using PC can be an attractive area of research, both in basic research and 
in drug discovery, as they provide a generic method for measuring the activity of kinases which can also be extended to 
ATPases and other ADP-generating enzymes. Towards this goal a single-step method will be employed by adding a 
solution containing the enzyme and adenosine triphosphate onto the system with immobilized antibody and substrate. 
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ABSTRACT 

A membrane microcontactor is presented that allows sample pre-treatment by means of extraction and operates in 
parallel flow mode, hence avoiding an emulsification and compulsory phase separation step. The extraction kinetic 
behaviour of the device was first evaluated by extraction of a drug candidate, proving equilibrium is reached within 10 
min. Next the device was evaluated under more challenging working conditions, a homogenized mouse kidney sample 
containing the drug candidate was cleaned and characterized by HPLC. The system has the potential to be operated in a 
continuous fashion making it appealing to be implemented in screening or high throughput applications. 
 
KEYWORDS: micro-membrane liquid-liquid extraction, membrane contactor, sample pre-treatment 
 
INTRODUCTION 

An important part of drug development consists of quantifying drug uptake in test subjects. Despite the availability of 
advanced analytical instrumentation, manual sample pre-treatment is usually necessary to extract, isolate and concentrate 
the analytes, as most instruments cannot handle complex matrices directly. [1] Procedures for organic non-volatile 
analytes generally involve a solvent extraction step during sample preparation. Classical macroscopic liquid-liquid 
extraction (LLE) has been traditionally the first choice of preparative technique and is still widely used in many available 
(regulatory) protocols, but has lost importance over the last years due to increasing sensitivity for certain aspects of the 
technique. The large consumption of pure solvents, the need for relatively large sample volumes and the difficulty to 
automate the technique constitute the major drawbacks. [2] This has lead to gradually replacement of the conventional 
extraction methods by solid phase extraction (SPE), which is currently the most applied extraction technique. In SPE, 
analytes (generally in an aqueous sample) are adsorbed to a solid sorbent and subsequently eluted with an organic solvent. 
SPE sorbents are available in (expensive) disposable cartridges and in columns. Disadvantages of SPE is the limited 
selectivity, low retention for highly polar components, dependence on a commercial supplier of SPE columns and the 
occurrence of sample crossover and contamination. [3] Considerable time is typically spent to LLE and SPE, making the 
sample preparation often the bottleneck of an entire analytical method. It is estimated that sampling and preparation steps 
constitute over 80 % of the total analysis time. [1] Some of the claimed advantages of SPE over LLE can be regarded 
critically, as laborious operations like conditioning, washing and solvent evaporation are often required as well. Moreover, 
evaporation of the solvents typically involved in LLE occurs faster than the protic solvents typically used in SPE, that 
have a higher vapour pressure. 

In the present study, sample pre-treatment is performed using a membrane equipped microcontactor operated in 
parallel flow mode, hence avoiding an emulsification and compulsory phase separation step. [4] The sample 
pre-treatment of homogenized mice kidney samples in which MPB (4-(2,5-dimethyl-pyrrol-1-yl)-2-hydroxybenzoic 
acid) was administered in life condition is used as a case study. MPB is a drug candidate for the treatment of amyotrophic 
lateral sclerosis (ALS). An important aspect of the effectiveness of a drug is the ability to transport it to the zone where it 
has to exert its function. [5, 6] By intraperitoneal injection in mice and evaluating the in vivo distribution, it can be 
assessed if the drug is transported towards the zone of interest. To study the kinetics of the microcontactor, MPB was 
extracted out of matrix free samples as well as out of homogenized mice kidney samples in which MPB was administered 
in life condition. To increase the concentration after the extraction step, the sample was concentrated by evaporating the 
solvent using a second microcontactor, where nitrogen was flowing at the other side of the membrane to remove the 
evaporating solvent in continuous flow mode. 
 
EXPERIMENTAL 

The microcontactor consists of two milled aluminium (AA2024) plates that are clamped together and sandwich a 
PTFE-membrane (0.1 µm pore size, 68% porosity, 70 µm thickness, Frisenette Aps, Denmark) (Fig 1). In order to 
validate the microcontactor operating in co-flow with a flow rate ratio of 1:1, the extraction kinetics of pure MPB solution 
were measured. For this purpose, 100 mg/L MPB was dissolved in 15/85 m% methanol/water (pH = 5,2) and extracted 
with ethyl acetate at different residence times.  

The samples were analysed by High Performance Liquid Chromatography (HPLC). This was performed isocratically 
using a Thermo Hypersil ODS-column (250 x 4.6 mm i.d., dp 3 µm), a mobile phase consisting of methanol and 20 mM 
KH2PO4-K2HPO4 pH 5.5 (52:48 v/v%) at a flow rate of 1.0 ml/min, Vinjection 10 µl, UV-detection 210 nm. 

Tissue samples (kidney) were collected from mice 1 hour after treatment with 1 mg MPB (dissolved in DMSO, with 
200 µl extra added physiological water). Before collection the mice were perfused by phosphate buffered saline and all 
blood was removed from the organs. In order to operate above the lower detection limit of the HPLC the acceptor phase 
was enriched after extraction by using a second microcontactor in which ethylacetate is evaporated at following operating 
conditions: 150 µl/min, pressure N2 0.3bar, room temperature. 
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Figure 1: Schematic representation of the membrane micro-extractor (width 13 mm, length 11 cm). a) membrane support 

pillars to ensure equally spacing (dpillar 1mm) b) fluid distributor to guarantee a uniform velocity profile c) PTFE 

membrane. 

 

RESULTS AND DISCUSSION 

The extraction kinetics of pure MPB were first measured in a microcontactor with a channel depth of 200 µm 

(Vmicrocontactor 237.4 µl) (Fig 2). After a residence time of 30 min, the equilibrium was still not reached. In order to reach 

the equilibrium faster and lower the sample consumption the channel depth was lowered to 100 µm (Vmicrocontactor 118.7 

µl). Equilibrium was reached in 10 min within 10% deviation with a partition coefficient of 4.9 (Fig 2), in agreement with 

a shaking test. 

 
Figure 2: Representation of the extraction kinetics by the ratio CRafinate/CExtract in function of the residence time in the 

micro-extractor with a flow rate ratio of 1:1 (co-flow) and with a channel depth of 200 µm and 100 µm were 

breakthrough is not observed. Equilibrium is then always reached in the micro-extractor with a channel depth of 100 µm. 

The solid line is a theoretically predicted exponential curve, characterized by an overall mass transfer coefficient R and K 

the partition coefficient. 

 

After the extraction kinetics were determined the microcontactor was exposed to more challenging samples, namely 

homogenized mice kidney samples containing solid entities. Despite the presence of these solid particles clogging did not 

occur.  

To work in the detection range of the HPLC first a blank mice kidney sample is spiked with 100 mg/L MPB and 

passed through the microcontactor with a residence time of 10 min. The chromatogram of the acceptor phase is depicted 

in figure 3a. Second a homogenized kidney sample from MPB administered mice were passed through the 

microcontactor under the same conditions, no peak is visible (Fig 3b). Subsequently this acceptor phase is enriched by 

evaporating ethyl acetate in a second microcontactor. With a flow rate of 150µl/min for the acceptor phase and a N2 

pressure of 0.3bar the acceptor phase is enriched with a factor of 4.4. A peak for MPB is now visible in the chromatogram 

(Fig 3c) and corresponds to a concentration of 0.68 mg/L. 

 

c) 
a) 

b) 
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Figure 3: a) Chromatogram of acceptor phase of blank kidney sample spiked with 100 mg/L MPB b) Chromatogram of 

acceptor phase of the MPB administered kidney sample c) Chromatogram of evaporated acceptor phase of the MPB 

administered mice kidney sample. 

 

CONCLUSION 
The microcontactor was demonstrated to be a well suited tool for sample pre-treatment of tissue samples. A 

purification protocol could be developed, with the perspective to further automate the analysis set-up. The low sample 

amount needed for sample pre-treatment with a microcontactor, presents a valuable asset for drug analysis in early stage 

drug development, where potential drug candidates often have to be studied in small sample volumes. By investigating 

the extraction kinetics, a working range was defined where on the one hand equilibrium is reached and where on the other 

hand a compulsory phase separation step is avoided. By evaporating the acceptor phase an enrichment of a factor 4.4 

could be achieved. The microcontactor has also proven capable to handle challenging solid samples. 
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ABSTRACT 
    This paper proposes an effective methodology for the determination of the half maximal (50%) inhibitory 
concentration (IC50) by using microfluidic device that generates logarithmic concentration gradients. Dose-response 
curve is obtained with respect to the concentrations in a logarithmic scale. Although we have presented a 
high-throughput analysis of ATP binding cassette transporter (ABC-transporter) by using linear concentration 
generator [1] and fluorescent substrates [2], logarithmic concentration generator is demanded for rapid and accurate 
IC50 determination as shown in Fig. 1. We designed a microfluidic device composed of branching micro-channels 
where samples are divided and mixed to generate designated concentrations. Finally inhibition analysis of substrate 
transport was conducted by linear and logarithmic concentration generators. We found that logarithmic concentration 
generators are useful for the accurate determination of IC50 by a fewer number of tests than linear concentration 
generators. 
 
KEYWORDS 
IC50, Microfluidics, Drug screening.  

 
INTRODUCTION 

In drug development process, the phenomena that depend on the logarithmic concentration are of great 
importance for safe and effective use of drugs, such as IC50 that determines the concentration at which the transport 
of a drug is inhibited by the other one by 50% [3,4,5]. To determine IC50, substrate transport at different 
concentrations must be evaluated. For the high-throughput IC50 determination, microfluidic concentration gradient 
generator can be a smart approach [6,7]. Although IC50 can be estimated by using linear gradient generators [1,8], the 
uneven concentration distribution in the logarithmic scale (Fig. 1(c,d)) causes less accuracy. To accomplish a rapid 
and accurate determination of IC50, the logarithmic sampling device, which produces an even concentration 
distribution in the logarithmic scale (Fig. 1(c,d)), is useful and demanded. 

In generally, the generation of logarithmic concentrations in the microfluidic devices was completed by a 
pyramidal network (T-shaped microchannel) [9], serial network [10,11], and combination of serial and volumetric 

Fig. 1 (a-b) The conceptual illustrations of the (a) linear and (b) logarithmic concentration generator. Inset 
graphs show the dispersions of generated concentrations in the devices. (c) Examples of linear (blue) and 
logarithmic (red) concentration samplings that allow the same inhibition curve (dashed line). (d) Simulation of 
the percentages of IC50 error, which is calculated by giving 10% errors in the sample concentration of each 
microfluidic channel. In contrast to linear gradient generator (blue), logarithmic gradient device (red) enables 
low IC50 error in a few experimental tests. 
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network [12]. The principle of these network designs 
can be theoretically formulated considering the flow 
resistance by analogy with electrical circuits [13]. In 
microfluidic devices, the mixing ratios of two solutions 
were controlled by adjusting channel length because 
the flow resistance is purely proportional to the channel 
length [14]. Therefore, the conventional logarithmic 
concentration generators have very long channel, 
multi-inlets, or 3-dimentionals structure to obtain the 
desired concentrations and become complicated design.  

In this report, we developed the simple and useful 
microfluidics network design to generate logarithmic 
concentration gradients by unique approach. To control 
the flow resistance, the channel widths at each 
branching point are adjusted. Then, the generation of 
logarithmic concentration gradients was confirmed by 
COMSOL simulation and fluorescence images in the 
device. Finally, taking advantage of our previous study 
[1,2], we performed the IC50 assays using ATP-binding 
cassette transporter (ABC transporter) vesicles. As a 
result, we found that our logarithmic concentration 
devices were succeeded in the rapid and accurate IC50 
determination by a fewer number of tests than linear 
concentration devices. 
 
DESIGN PRINCIPLE  

We designed a simple logarithmic concentration 
generator (Fig. 2) that produces concentrations of 100, 

100.25, 100.5, 100.75, and 101. The initial flow rates (QA and QC), concentrations, and the channel width are the design 
parameters while the lengths of the channels were set to be long enough to allow complete diffusion-based mixing of 
the samples. We assumed that the ratio of the branched channel widths determines the distribution of the volumetric 
flow rate as depicted in Fig. 2. Then, we tried the COMSOL simulation to verify our design principle. As a result, 
when inlets flow rates (QA and QC) are 1.0 μL/min and 0.8 μL/min, respectively, the desired concentrations at the 
outlets can be generated. 
 
EXPERIMET 

Our device consists of a polydimethylsiloxane (PDMS) microfluidic channel and a glass substrate. The 
microfluidic devices were fabricated by conventional soft lithography [15]. The PDMS chip was attached to an 
aldehyde-coated glass with single-strand DNA tethers using oxygen plasma treatment. To prevent DNA removal at 
the plasma-exposure step, we placed PDMS masks on the glass [1]. After the device preparation, a 
cholesterol-modified single-strand DNA (ssDNA) was applied to the channels to form duplexes with the ssDNA 
tethered to the glass surface.  ABC-transporter vesicles were then injected into microfluidic channels to be 
immobilized [2,16], and incubated with quinidine (inhibitor) and 50 nM Rhodamine123 (Rh123) solutions at 
different concentrations for 1 hour and 37	 .  Here, the inlets concentrations of quinidine, C1 and C5, were 0.3 and 
3.0 μM, respectively. The fluorescence intensities of ABC transporter vesicles after rinsing with buffer were detected 
by microscopic images. 
 
RESULT AND DISCUSSION 

After device preparation, some experiments were conducted by using Rh123 to verify that our logarithmic device 
could generate logarithmic concentration gradients. The concentration distributions were estimated by the 
fluorescence intensity from the channel. The concentration generated in our logarithmic device was well matched 
with the result of COMSOL simulation (Table 1). Finally, we analyzed the Rh123 transport inhibition with quinidine 
by linear [1] or logarithmic concentration generator. The IC50 was determined by the inhibition curve drawn by the 
different fluorescence intensity from ABC transporter vesicles. As a result, the IC50 values of logarithmic and linear 
concentration generator were 0.80 ± 0.01 μM and 1.06 ± 0.01 μM, respectively. Fig. 3 represents that IC50 can be 
determined with less than 10% errors by using logarithmic concentration generator. This result indicates that our 

Fig. 2 Schematics of the flow rate distributions to 
generate the desired concentrations at the 5 outlets. We 
assumed that the ratio of branched channel width 
determines the distribution of the flow rate.  Q 
indicates the flow rate and C is the concentration of 
compounds.  The concentrations were expressed as C 
(1, 2, 3, 4, 5) =10 0, 0.25, 0.5, 0.75, 1 μM. 

Table 1 Comparison table of the outlet concentrations with desired value, simulation, and experiment. This 
table shows that simulation and experiment value are agreed well. 
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logarithmic sampling device is readily applicable for the 
accurate determination of the IC50 by ABC transporters.  

 
CONCLUSION 

In this study, we developed the platform for the rapid 
and accurate IC50 determination by logarithmic 
concentration gradient generator. We believe that our 
approach would accelerate a high-throughput drug 
screening using MEMS technology. 
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ABSTRACT 
This paper presents a droplet-based drug effect analysis system utilizing electrostatically-actuated normally-

closed microvalves to screen the effect of multiple drugs on a single type of cell.  Proposed system minimizes the 
need for off-chip equipment by utilizing parylene based electrostatic microvalves.  Prototypes of the system were 
fabricated and tested using colored DI water and 3 m diameter micro beads, emulating drugs and cells respectively.  
During the tests, micro beads could be successfully entrapped in 137 pl droplets.  Tests carried out with yeast cells 
also yielded successful encapsulation of the cells.  It was shown that, switching between the drugs could be achieved 
by applying 200 V dc to operate the microvalves.   

 

KEYWORDS: Multi-drug screening, parylene, microvalve, electrostatic 
 

INTRODUCTION 
Droplet-based systems are increasingly preferred in drug effect analysis, since picoliter size droplets solve the 

scaling problems observed in conventional methods (e.g. intermolecular effects and limited diffusion rate), thus 
improving the throughput of the analyses [1].  High throughput drug effect analysis is especially important in 
personalized therapies, such as cancer treatment.  Traditionally, trial and error method is used to determine the most 
suitable drug for the patient.  However, finding the most effective therapy generally takes time and may sometimes be 
fatal.  Therefore, development of a fast, simple-to-use drug effect analysis system with multi-drug screening 
capability is important to determine the most effective therapy in a short period.   

Several PDMS-based droplet-based microfluidic platforms have been proposed so far for drug screening [2, 3].  
Brouzes et al. proposed a droplet based drug analysis system to screen cytotoxic effects of a drug library on U937 
monocytes [2].  Similarly, Gong et al. proposed a droplet-based system to screen the effect of Cytochalasin-D on 
MDA-MB-231 breast cancer cell [3].  Although usefulness in monitoring the drug-effect is proven, fluid evaporation 
during long incubation periods and complicated off-chip fluidic control in case of multiple drugs restrains PDMS-
based systems in practical applications. 

In this paper, a parylene-based droplet microfluidic system for multi-drug screening is presented.  Using 
parylene-C as the structural material solves the permeability problem [4], and reduces the need for off-chip control 
equipment by enabling on-chip integration of electrostatically-actuated microvalves.  The device is capable of 
screening two drugs simultaneously with a precise on-chip fluidic control. 

 
THEORY 

Figure 1 shows the structure of the proposed system.  The system utilizes normally closed electrostatic 
microvalves [5] to control the drug flow and a normally open electrostatic microvalve to control the oil flow (Figure 
1.a).  As actuation voltage is applied on one of the normally closed microvalves, the diaphragm collapses on the 
bottom of the actuation chamber allowing the corresponding drug flow underneath the valve seat (Figure 1.b).  The 
drug flows through the Y-junction, where it meets with the cell-suspension.  Flow of the resulting mixture is broken 
by the carrier fluid at the T-junction to generate droplets with the cells entrapped inside.  In order to have an active 
control on the droplet size, a normally open electrostatic microvalve [6] is utilized.  As actuation potential is applied 
on the microvalve, valve diaphragm collapses on the bottom of the channel resulting in a leakage flow at the 
periphery of the microvalve.  As the oil flow is throttled by the microvalve, larger droplets are generated at the T-
junction.  Hence, it becomes possible to generate droplets of controlled volume and chemistry.  Generated droplets 
flow through a serpentine channel for incubation, where the drug activity is monitored.   

 

 
Figure 1: Operation principles of (a) the proposed system, (b) normally closed microvalve, and (c) normally open 

microvalve. 
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Flow characteristics of the microvalves, droplet generation at T-junction, and the microchannel dimensions affect 

the operation of the system.  Flow characterization of the normally closed and normally open microvalves has 

recently been reported [5, 6].  Simulations are done to determine the droplet generation characteristics at T-junction 

(Figure 2).  In order to determine dimensions of the microchannels, an equivalent electrical circuit model is used 

(Figure 2).  During analysis, the system is simulated for two drugs only.  However, increasing the number of drugs to 

be screened would only increase the number of normally closed valves on the system, which does not introduce a 

considerable operational complexity. 

 

 

Figure 2: Electrical circuit equivalent of the system used to determine the channel dimensions and simulation of 

droplet generation at T-junction. 

 
EXPERIMENTAL RESULTS 

The prototype (Figure 3.a-b) was fabricated using five-mask process [5].  Fabricated devices were tested with 

colored DI water, micro-bead suspension, and silicone oil emulating the drugs, cell suspension, and the carrier fluid, 

respectively.  For the micro-bead suspension, a bead solution carrying 3 m diameter polystyrene beads with 

1.68x10
7
 particles/ml concentration was used.  With this concentration, one single bead would be entrapped in a 120 

pl droplet.  To realize a bubble-free flow, 100 mbar vacuum was applied at the outlet.  In order to supply the test 

liquids, reservoirs were mounted at the inlets and 20 l liquid was dispensed in each reservoir.  For electrical 

connection, an external 2-way switch was used to apply actuation voltage selectively to the microvalves (Figure 3.c).   

 

 

Figure 3: (a) Fabricated multi-drug screening systems and (b) its close-up view showing the components. (c) Set-up 

used for testing the system. 

 
In order to demonstrate drug-switching, actuation potential of 200 V dc was applied to the microvalves 

selectively.  During the test, droplets with different colors were generated at the T-junction upon actuation of the 

corresponding microvalves (Figure 4.a-b).  It was also observed that, individual beads could be entrapped in these 

monodisperse droplets of 137 pl with 0.34 pl deviation (Figure 4.c).  Cell encapsulation was also tested with live 

yeast cells.  The tests show that yeast cells could also be entrapped in the generated droplets (Figure 4.d).  However, 

it is observed that there is more than a single cell in some droplets due to cell aggregation.  During the tests, normally 

open microvalve is not used for controlling the droplet size.  However, tests with the normally open valve show that 

the droplet size can be controlled with 0.4 pl/V sensitivity. 
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Figure 4: (a-b) Open and closed states of the microvalves.  Figures are colorized for clarity. a) Droplets in 

serpentine channel and microbead entrapped in a droplet.  (b)Yeast cells entrapped in the droplet. Due to cell 

aggregation, more than a single cell is observed in some of the droplets. 

 
CONCLUSION AND DISCUSSION 

In this study, a droplet based multi-drug screening system is proposed.  The system is controlled by normally 

closed electrostatic microvalves to manipulate the drugs.  The system is implemented to screen two drugs on the 

same chip.  Prototypes are tested with color DI water as drug and microbeads as cells.  It is shown that, droplets of 

different chemistry can be generated and particles can be entrapped in these droplets using the proposed system.  The 

system is also demonstrated to entrap yeast cells in the droplets. 

Fabricated prototypes allow screening of only two drugs on the same chip.  However, number of the drugs to be 

screened can be increased by only increasing the number of the microvalves, which does not add a considerable 

complexity in terms of off-chip equipment and connections. 

During the tests, normally closed microvalves were operated as on/off switches.  However, by tuning the 

actuation potential only, flow rates of the drugs can be modified. Hence it can be possible to generate a mix of drugs, 

which is especially critical in combinational drug therapies.  

Testing of the prototypes prove the feasibility of the system in terms of cell encapsulation and drug control using 

electrostatic microvalves.  Viability of the encapsulated cells inside the droplets can be followed using fluorescent 

stains selective for dead or live cells.  Change in shape, size and fluorescent intensity of the cells will indicate the 

drugs’ effects on cells. 
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ABSTRACT 
    In recent years, more studies focused on single cell electroporation. However, not only the position cannot be 
confined in the specific region of the cells, but also the employed electrodes are not transparent, causing difficulty on 
optical observation. Here, we demonstrated localized single cell membrane electroporation (LSCMEP), which an 
efficient to deliver drugs into single cell by selective and localized way from millions of cells. The ITO 
microelectrodes fabricated by wet etching as well as FIB technique, which successfully deployed 1µm gap between 
two microelectrodes. Due to submicron level gap, electric field can more intense in a narrow region. The diffusion 
mechanism with PI dye intensity variation has been analyzed by image pro plus software. In our approach, we have 
successfully achieved 0.99 µm electroporation regions on the cell membrane to inject PI dye into the cell with high 
cell viability by trypan blue test. We demonstrated the cell self-recover process from the injected PI dye intensity 
variation. Our localized single cell membrane electroporation technique, not only generates well-controlled 
nano-pore allowing rapid recovery of cell membrane, but also provides a clear optical path potentially monitoring 
drug/DNA delivered into single cell level even in single molecule level. 
 
KEYWORDS 
   Localized single cell electroporation, ITO micro-electrodes, FIB technique, transparent chip 
 
INTRODUCTION 
    When a certain strong electric field pulses applied across a cell and tissue, then it’s have ability to 
rearrangement of their structure causes the permeabilization of the cell membrane named in early 1980’s 

“electroporation” [1-2].  In the past decades, high electric field pulses were applied to the whole cells between two 
large electrodes which resulted in permeabilizing the membrane of millions of cells simultaneously without 
reversibility [3]. In recent years, more studies focused on single cell electroporation on chip. For single cell 
electroporation the electric field parameter can be controlled better to avoid the cell death. For this electroporation, 
the electric field applied locally surrounding the single cell whereas, in bulk electroporation a homogeneous electric 
field applied to suspension of millions of cells together. The success rate like surviving cells for single cell 
electroporation is far better compare with bulk electroporation. This technique is faster and easy to perform with less 
toxicity and technical difficulty for application of wider tissue and cell types. However to allow selective 
manipulation of single organelles with in a cell, the electrode size must be reduce to nano-scale level. Thus the 
localized single cell membrane electroporation (LSCMEP) concept has come in last few years [4]. By this technique 
selective manipulation organelles and biochemical effect can be analyzed of the individual cell and this techniques 
more advance compare to single cell electroporation. The cell rapture and cell death can be minimized because of 
electric field concentrated in more localized region of the cell membrane surface compare to single cell 
electroporation. 
 
EXPERIMENT 
   Fig. 1(a) demonstrate our experimental setup for localized single cell membrane electroporation (LSCMEP) 
technique, in where ITO electrodes fabricated on top of the glass (130 µm) substrate. The distance between two 
electrodes is 1µm. Fig. 1(b) shows an intense electric field in between two microelectrodes (Results simulated by 
Comsol Multiphysics). 
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Fig.1. (a) Experimental setup for electroporation. (b)The Comsol Multiphysics simulation of electric-field result for 
1μm gap Localized single cell electroporation chip. The electric field raises 0.7× 107 V/m in between two electrodes. 
 
During simulation, we consider ITO resistivity is 2.16 × 10-3 Ω cm and top of the ITO electrodes, we consider SiO2 
layer with conductivity 10-13 S/m.  Due to high resistance, we have applied 8V potential difference to achieve 
electric field 0.7× 107 V/m from this simulation result. For our experiment, single cell distributed on top of the chip 
surface and those cell present in between two micro-electrodes, we applied voltages for our localized single cell 
membrane electroporation experiment. Fig. 2(a) demonstrates the fabrication process, where 100nm ITO film was 
deposited by RF sputter onto the cover glass and patterned the electrodes by wet chemical etching technique. After 
that we deposited 300 nm SiO2 layer by PECVD process and final pattern of ITO electrodes have done by FIB 
technique, where, we make 1µm gap between two micro-electrodes. Fig. 2(b) shows the scanning electron 
microscope (SEM) image of ITO micro-electrodes with 1µm gap, while Fig. 2(c) illustrates the optical microscope 
image of the patterned ITO micro-electrodes.  

                    
Figure2. (a) Fabrication process of ITO micro-electrode based chip (b) Scanning electron microscope (SEM) image 
of ITO micro-electrodes with 1µm gap between two electrodes (c) Optical image of the patterned ITO 
micro-electrodes. 
 
After fabrication of our chip, Hela cells were incubated on top of the chip surface. As result, cells are distributed 
randomly throughout the chip surface. From randomly distributed cells, we chose such of cell, those are distributed 
in between two micro-electrodes for our electroporation experiment.  

 
                       
Figure 3.(a) 8Vpp 20 ms pulse, the pore is open and the cell self-recover to seal the pore(triangular shape green 
curve) (b) After two pulse (one pulse at zero second and another pulse at 300 second) ,the survival fluorescence 
images of single HeLa cell in different time scale. 
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PI dye was introduced into the incubation buffer to indicate the perforation status of the cells. Initially PI dye was 
not visible when it was not entering inside the cell. Due to application of voltage (1-2V, cell membrane threshold 
voltage), cell membrane can permeabilize molecules to enter inside the cell. If PI dye enters into the cell, it 
illustrated a red color surrounding the electrodes gap (single cell was top of the two micro-electrodes). In Fig. 3(a) 
shows the experimental results, where shorter pulse ( 8Vpp 20 ms, we applied higher voltage, because of ITO 
resistivity was very high) was applied into the cell, as a result, intensity kept increasing (triangular shape green 
curve) until saturation at 200 seconds in the 1st cycle. Then the second pulse was applied afterward (at 300sec.) and 
showed a further raising of the intensity and it’s re-saturated after another 200 seconds. The signal saturation 
suggested a reseal of the holes on the cell surface to stop, continuous entering of the PI dye into the single cell. The 
diamond shape red curve, suggested PI dye continually entering into HeLa cell, which indicated, after application of 
pulse, hole is open up but it is not close again. So Dye can enter continuously and intensity can increase linearly. As 
a result, we can conclude that cell is died.  Fig. 3(b) illustrates the fluorescence image of the survival cell at 
different times.       
       

Fig.4. (a) shows the PI dye diffusion inside the cell membrane with different time (b) the effective diffusion length 
versus the diffusion time (t1/2), a linear relationship which indicates the diffusion model inside the cell membrane is 
followed by 2D diffusion model.                                                          
 
To analyze the PI dye intensity inside the single cell, raw data were fitted by image pro plus software. Fig. 4(a) 
shows that, the data were captured from the different times respectively for PI dye diffusing into the single cell. The 
intensity was normalized with the highest value (350sec) that indicated localized region from the electroporation 
region. We consider normalized intensity from middle of the cell surface. As results, intensity is higher for each 
seconds in middle of the cell surface (zero position). In Fig 4(b), shows that the PI dye follows the diffusion 
mechanism, because of the effective diffusion length is a linear relationship with square root of diffusion time (t1/2) 
indicating PI dye is followed by the 2D diffusion model inside the cell membrane. Using this diffusion model, we 
achieved 0.99µm electroporation region (for micro sec. pulse) by our localized electroporation experiment. 
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CELL-BASED SCHEDULE DEPENDENT DRUG COMBINATION 
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ABSTRACT 
    We proposed an integrated and robust microfluidic platform to perform cell-based schedule dependent drug 
combination screening. Multiple manipulations of cells in droplets, including cell dispensing, culture, drug 
stimulation and viability test were performed based on a 2D microfluidic droplet array. The screening of flavopiridol 
(Fla) and 5-fluorouracil (5Flu) in different sequence was carried out in 342 addressable droplets, with a consumption 
of ~3 μg drug for each experiment.  
 
KEYWORDS 
Drug combination, high-throughput, microfluidic droplet, cell  

 
INTRODUCTION 

Drug combination therapy can increase therapeutic efficacy with low drug toxicity due to its multi-target 
mechanisms [1]. It has become the leading choice for some cancer and infectious diseases, such as prostate cancer 
and AIDS. Identification of effective drug combination in vitro requires high throughput screening, because the 
efficacy of drug combinations and drug interactions is dose-dependent [2]. Droplet-based microfluidic systems have 
been applied in high-throughput screening including protein crystallization, single cell analysis and drug screening 
due to its low cost and high sensitivity. However, in most droplet-based high throughput screening, it is difficult to 
replace the medium and drug solution in droplets, which is not optimal for schedule dependent drug combination 
screening [3]. To address this challenge, we have developed a flexible droplet manipulation system called DropLab 
[4]. In this paper, we further developed the system into cell culture in droplets and applied it to schedule dependent 
drug combination screening of flavopiridol and 5-fluorouracil. 

In this work, multiplex cell-based and nanoliter-scale schedule dependent drug combination screening was 
achieved in a droplet-based microfluidic system for the first time. Multi-step droplet operation including controlled 
timing, dispensing, removal, mixing, transfer, as well as cell analysis which involves cell culture, drug stimulation 
and viability testing, was realized on a semi-open 2D droplet array. This system was applied to screen schedule 
dependent drug combinations of flavopiridol and 5-fluorouracil. We achieved 342 addressable and different drug 
combination conditions on a single PDMS chip with the size of 6 cm × 6 cm. The drug consumption for each 
screening test was only ~3 μg, which is a 1,000-fold reduction compared with traditional drug screening systems. 

 
EXPERIMENT 

In this system, a tapered capillary connected with a syringe pump was used for multi-step droplet operation. A 
PDMS chip covered with oil was used as the platform for cell analysis. Droplets with a volume of 500 nL were 
generated containing a number of cells. After 24-hours of incubation, the reagent in the droplet was replaced and the 
cells were exposed to specific drugs for single or schedule dependent screening. Finally, the drugs in the droplets 
were replaced by culture medium for 24-hour culture before the cell viability was determined by calcein AM and 
EthD-1. An array of droplets containing cells is shown in Figure 1. 

 

 
Figure 1. Array of droplets on the chip (scale bar: 5 mm) 

 
Flavopiridol is a cyclin-dependent kinase inhibitor with preclinical activity, which has attracted wide attention 

due to its unique cell target. As shown in Figure 2, A549 cell line was stimulated by flavopiridol from 2 μM to 1 nM. 

The EC50 value was calculated to be 210.7 nM. We applied 5-fluorouracil, a widely used anticancer drug, to 
perform a schedule dependent drug combination screening assay, whose concentrations are shown in Table 1. As 
shown Figure 3, the cell viability was significantly decreased in the drug combination assay in both of these 
schedules compared with a single flavopiridol assay. These results indicate that the schedule drug combination of 
flavopiridol and 5-fluorouracil has a higher efficacy compared with single flavopiridol stimulation. 
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Figure 2. (A) Cell viability after exposed to flavopiridol (B) Fluorescence images of cells treated by different 

concentrations of flavopiridol (scale bar: 5 mm)  

 

Group of drug 

combination 
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 

Fla 2 μM 1 μM 500 nM 200 nM 100 nM 10 nM 

5Flu 2 mM 1 mM 500 μM 100 μM 50 μM 10 μM 
Table 1. Different concentrations of flavopiridol and 5-fluorouracil in schedule dependent drug combination 

screening  

 

 
 

(A) 

(A) 

(B) 

2 μM 1 μM 500 nM 200 nM 

100 nM 10 nM 1 nM 0 nM 
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Figure 3. (A) Cell viability after assays of schedule dependent drug combinations. Fluorescence images of cells in 

droplets with different concentrations with different groups (the numbers) of (B) first of Fla then 5Flu, and (C) first 

of 5Flu then Fla (scale bar: 5 mm) 

 

 

CONCLUSION 

In this report, we demonstrated an effective system based on microfluidic platform for cell-based drug screening. 

In this system, we can integrate 342 addressable 500-nL droplets on a single PDMS with size of 6 cm × 6 cm. We 

applied this system to the assay of A549 exposed to flavopiridol combined with 5-fluorouracil. The combination of 

these two drugs can significantly decrease the cell viability compared with single flavopiridol treatment. The drug 

consumption of for each experiment was only ~3 μg, a nearly 1,000 fold decrease compared with traditional 

methods. 
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ABSTRACT 
Nerve growth cones (GCs) are chemical sensors that convert graded extracellular cues into oriented axonal 

motion. Ensuring a sensitive and robust GC response to directional signals requires the ability to amplify and filter 

external gradients. However, our knowledge of how these signal processing tasks are performed remains sparse.  

Here we present a shear-free gradient-generating microfluidic device with an architecture that greatly facilitates 

the interface of cultured neurons with microcircuits. With this device, we probe the information-processing 

capabilities of single GCs during GABA directional sensing, and relate these properties to the kinetics and the lateral 

dynamics of GABAA receptors. 

 

KEYWORDS 

Axonal guidance, gradient sensing, single receptor imaging, shear-free microfluidic. 

 

INTRODUCTION 

This paper reports chemotaxis measurements on neurons obtained using newly developed membrane-based 

microfluidic devices that allow the generation of spatially and temporally controlled gradients in a shear-free 

environment [1]. In these microcircuits, soluble chemical compounds can diffuse out of the channels through 

well-defined and spatially organized microfabricated porous openings (Fig. 1), thus allowing stable diffusible 

concentration gradients and complex dynamic chemical landscapes under shear free conditions. Moreover, its simple 

architecture greatly facilitates the interface with neurons cultured in microwells in normal conditions, removing the 

need for long term culture under perfusion and multi-step labeling in microchannels. 

Using this device, we have probed the information-processing capabilities of single nerve growth cones (GCs) 

during GABA directional sensing. Indeed, GCs are chemical sensors that convert graded extracellular cues into 

oriented axonal motion. Ensuring a sensitive and robust response to directional signals requires the ability to amplify 

and filter external gradients. However, our knowledge of how these signal processing tasks are performed at the 

single cell level remains sparse [3]. This is largely due to the limitations of conventional guidance assays that have 

precluded systematic measurements of the GC output response to variable input gradients. 

By coupling precise gradient generation and measurement at the single molecule level of the polarization of 

GABAA chemoreceptors at the GC membrane, we find that GCs act as: (i) signal amplifiers over a narrow range of 

concentrations, (ii) low-pass temporal filters with a cut-off frequency independent of stimuli conditions. Furthermore, 

thanks to quantitative computational modeling, we relate these systems-level properties to the saturable occupancy 

response and thelateral dynamics of GABAA receptors, and, thereby, provide an integrative view of individual GCs 

as sensing devices. 

 

EXPERIMENT 

To investigate the dynamics of GABAAR spatial organization under a controlled gradient of guidance cues, we 

designed shear-free microfluidic devices that overcame the limits of conventional micropipette or flow-based 

microfluidic assays. We have recently developed a simple fabrication process to integrate a track-etched porous 

membrane in a microcircuit made of UV polymerizable glue [2]. We designed a microsystem based on two separate 

parts (Fig. 1 A): i) a fluidic microcircuit integrating a membrane interface, ii) an open micro-well on a glass 

coverslip in which cells are plated. The two parts of the device are assembled just before the experiment. Neurons 

can thus be cultured and labeled using standard protocols.  

Upon assembly, the porous membrane acts as a hydrodynamic barrier, separating the fluidic channels where 

solutes are circulating from the micro-well where the cells are growing [4], and the microfluidic circuit allows the 

generation of spatio-temporally controlled, yet purely diffusive, gradients in the micro-well (Fig. 1 B). Different 

design of the microcircuit allows the generation of complex gradient [1] or parallelization of experiments (Fig. 1 C). 

In the following, we use a simple co-flow design to generate the gradient in a single micro-well. Dissociated spinal 

cord neurons are cultured in the micro-well and then submitted to a diffusive gradient of GABA (Fig. 2 A). Before 

experiments, single GABAA chemoreceptors diffusing at the GC membrane are labeled using Quantum Dots (Fig. 2 

A). As already observed in previous experiments with micropipettes [5], in the presence of the gradient we observe 

that GABAA receptors start polarizing towards the higher concentration of GABA (Fig. 2 B), thus amplifying the 

external signal. 
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Figure 1: Membrane-based shear-free microfluidic device.  A) Top and side schematic views of a simple 

microdevice allowing the generation of a gradient in a single micro-well. B) Transverse view of the device after 

gradient formation in the micro-well containing cultured neurons. The gradient profile has been obtained by 

confocal fluorescence microscopy of a FITC gradient. C) A more complex microcircuit to generate multiple 

gradients in independent wells (8 wells with possibly 2 different solutes, red and green) and a control condition (4 

wells of medium, in green). 

 

From all the analyzed GCs (94 out of 130 neurons, obtained from 6 independent primary cultures), we 

distinguished two populations, discriminated based on the area of the GC. In the first population, identified by their 

large footprints and considered as pausing GCs, labeled GABAARs kept diffusing in the membrane throughout the 

experiment but no marked asymmetry in their distribution was observed (Fig. 2 B in blue) compared to control 

condition without GABA (Fig. 2 B in green). For thinner GCs, the mean position Y(t) reversibly shifted up gradient, 

indicating the formation of polarity at the cell membrane (Fig. 2 B in red). In the rest, we limit our analysis to the 

second population. From the polarization curve Y(t), we could extract two parameters with important functional 

relevance: (i) the polarization amplitude A at steady-state (expressed as a fraction of the GC lateral extension L), 

which is used as an estimator for amplification in gradient sensing; (ii) the polarization half-time T, which indicates 

the kinetics of the response. 

 

  

 
Figure 2: Single molecule experiments on dissociated neurons.  A) Left: Spinal cord neurons submitted to a GABA 

gradient (visualized using FITC). Rigth: Single GABAA receptors in growth cones are labeled with quantum dots and 

their positions are tracked over time. Insert: maximum projection of fluorescence images. B) Mean position Y(t) of 

the labeled receptors perpendicular to the GC axis, for dynamic GCs (red, 54 cells), pausing GCs (blue, 40 cells) 

and control conditions without GABA (green, 28 cells). After 30 minutes (dotted line), the gradient was switched off. 

The red line is an adjustment of the polarization Y(t) with the phenomenological curve Atn /(t n
+ T n ) (A = 

0.15±0.02, T = 9.2±1.1 min, n taken equal to 5). D) Experimental results (red dots) and numerical simulations 

(green squares) for receptors polarization under different gradient conditions. a) Polarization time as a function of 

the angle θ . b) Amplitude as a function of the angle θ . The blue dotted line is proportional to sin(θ), i.e. to the 

projection of the gradient along the YGC axis. c) Polarization time T as a function of the mean concentration c at a 

relative steepness δ = 7.5 10
-3

 µm
-1

. d) Amplitude A for the same experimental conditions. The blue dotted line is 

proportional to f ’(c) with f (c) = c
hm /(c

hm + K
hm ). 
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For the different gradient conditions – orientation and mean concentration – we measured the polarization 

kinetics and found that the polarization time was constant, Tm ~ 9 min (Fig. 2 C, a and c). This points to the 

existence of a characteristic time scale over which the stimulation needs to be sustained in order to polarize the 

chemoreceptors. Since Tm can also be interpreted as a time over which GCs are able to filter out fluctuating signals, 

our results mean that GCs act as low-pass filters with a fixed cut-off frequency 1/ Tm ≈ 0.002 Hz. 

Measuring the amplitude of the polarization for the same gradient conditions, we find i) an expected linear 

dependence with the effective gradient, defined as the projection of the gradient along the GC axis (Fig. 2 C, b), ii) a 

marked concentration dependence with a peak value around c ≈ 15 µM (Fig. 2 C, d), a concentration close to the 

GABA binding constant. This second observation suggests that GCs act as signal amplifiers over a narrow range of 

concentrations.  

Furthermore, thanks to quantitative computational modeling, we relate these systems-level properties to the 

saturable occupancy response and the lateral dynamics of GABAA receptors (Fig. 2 C, green squares). Importantly, 

accounting for the non-linear concentration dependence in the chemoreceptor occupancy, imposed by the binding 

constant, is sufficient to capture the modulation of the integrative response of the cell. 

 

CONCLUSION 

Our measurements provide an integrative view of the GCs as chemical sensors and highlight how dynamic 

adaptation of the cellular organization is used for the processing of functional signals. They also illustrate how the 

workings of complex molecular and signaling circuits can be probed using controllable inputs made possible by 

microfluidic tools. Beyond the case of GABA guidance, shear-less microfluidic assays, which could be multiplexed 

to provide a simple and low-cost screening platform, will constitute an invaluable tool for deciphering, at a 

molecular or systems-level the rules by which nerve cells interpret chemical information and convert it into 

functional motility. 
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ABSTRCT 
Due to high risks of genetic and phenotypic instability associated with cell culture, quality control strategies to ensure 

proper and consistent hESC functionality for potential use in regenerative medicine are vitally important. The expression of 
certain markers usually assessed by flow cytometry and the ability to form embryoid bodies (EBs) and teratomas in mice are 
two main categories of assays used for stem cell quality control. In addition to variability of these tests between different labs 
and their limited robustness, these assays are highly costly and labor-intensive. Recent studies using atomic force microscopy 
(AFM) and micropipette aspiration have shown that cell mechanical properties could be a promising label-free biomarker of 
stem cell pluripotency. Both human and mouse embryonic stem cells (ESCs) were shown to be significantly more deformable 
than differentiated progeny. However, AFM and other recent techniques are manual approaches severely limited in 
throughput and more suited for biophysics experiments rather than cell screening. Here we introduce microfluidic 
deformability cytometry as a screening tool for stem cell pluripotency that addresses the need for high throughput. The 
approach was previously demonstrated by our group to assay the deformability of cells in a variety of body fluids and cell 
lines.  

KEYWORDS: Microfluidics, stem cell, pluripotency, label-free assay 
 

INTRODUCTION 
Due to high risks of genetic and phenotypic instability 

associated with cell culture, quality control strategies to 
ensure proper and consistent hESC functionality for 
potential use in regenerative medicine are vitally important 
[1]. The expression of certain cell surface markers such as 
SSEA3, SSEA4, Tra-1-60 and Tra-1-81 and transcription 
factors including Oct4, Nanog and Sox2 defines one 
category of assays used for stem cell quality control, usually 
assessed by flow cytometry. Cell morphology and the 
activity of alkaline phosphatase and telomerase are two 
other methods for validation of hESC and iPSC 
pluripotency . Another category assays maintenance of cell 
pluripotency, usually assessed by the ability to form 
embryoid bodies (EBs) and teratomas in mice, which shows 
the potential of cells to produce cells from all three germ 
layers. In addition to variability of these tests between 
different labs and their limited robustness, especially for EB 
and teratoma formation tests, these assays are highly costly 
and labor-intensive.  Therefore, there is a need for a robust 
and cost-effective method to both screen differentiated 
cultures and ensure proper maintenance of pluripotent 
cultures. 

Recent studies have revealed that physical properties of 
cells change significantly during differentiation [2]. One 
study measured nuclei of human ESCs to be significantly 
more deformable than that of differentiated cells [3]. ESCs 
are known to have more open euchromatin than 
differentiated cells , which has been associated with a 
reduction in nuclear viscosity and stiffness [4]. Interestingly, 
chromatin and nuclear lamina, both being major determinants of nuclear mechanics, undergo extensive changes during 
differentiation. One of the major determinants, A-type lamins are not expressed in ESCs and are only present in differentiated 

Figure 1. A) Deformability cytometry device. To ensure 
that all of the cells experience uniform stretching forces, 
inertial focusing is used to position the cells. B) The 
positioned cells arrive one at a time at an extensional flow, 
get stretched and leave the junction from either of the two 
outlets on the top or bottom. C) Comsol simulations show 
that the pressure applied on the cell in the extensional 
region is in the order of 105 Pa. D) The extensional region 
is continuously imaged using high-speed microscopic 
imaging and cell size and deformability are extracted by 
image analysis. 
!
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cells. Additionally, several epigenetic modifications including global DNA hypermethylation and a decrease in acetylation of 
histones H3 and H4 lead to substantial chromatin reorganization during differentiation. Cellular and nuclear deformability 
associated with specific nuclear properties and chromatin organization could therefore be used as an indicator of pluripotency.
  

Cell mechanical properties have been mainly measured using methods such as atomic force microscopy (AFM), or 
micropipette aspiration, which are single-cell based and manual approaches with a limited throughput. Deformability 
cytometry provides the mechanophenotype of thousands of cells per second in a similar manner to traditional flow cytometry. 
The approach was previously demonstrated by our group to assay the deformability of cells in a variety of body fluids and 
cell lines [5]. Here we make use of deformability cytometry to screen the quality and differentiation state of stem cells and 
stem cell-derived cultures. 
EXPERIMENTAL 

The microfluidic device is shown in Figure 1 [5]. Microfluidic devices were fabricated using common 
polydimethylsiloxane (PDMS) replica molding processes. The device contained 20µm filters to avoid the entrance of cell 
clusters or dust followed by curving channels to ensure inertial 
focusing and a junction that provided an extensional flow (Fig.1A). 
The positioned cells arrived one at a time at an extensional flow, 
were stretched and left the junction from either of the two outlets on 
the top or bottom (Fig.1B). The extensional region was continuously 
imaged using high-speed microscopic imaging. Functioning in an 
inertial regime (channel Reynolds number Re ~ 100), inertial 
focusing positions cells precisely before stretching [6], which ensures 
a more uniform three-dimensional force on cells of the same size. 
Cell viscoelastic properties then determine to what extent a cell 
deforms. This deformation is continuously imaged using high-speed 
microscopy and automated image analysis is conducted on the 
gathered images to extract cell size and deformability parameters.  
Individual cells are plotted based on these parameters as points on 
color density plots. Cells must only be brought into suspension in an 
identical manner and measured after a conserved amount of time 
from sample to sample.  Simulations show that for a simplified 
model of the system the force applied to a cell at the junction is on 
the order of 10-4 N (Fig. 1D), which is almost three orders of 
magnitude higher than that applied by conventional methods like 
AFM or micropipette aspiration . Deformability cytometry allowed 
measurement of the mechanophenotype of tens of thousands of cells 
throughout the differentiation process. 
Three lines of human ESCs, (UCLA1, UCLA2 and UCLA3) were 
maintained in DMEM high glucose with 20% knockout serum 
replacer supplemented with 20ng/ml of bFGF, and grown on 
mitomycin-treated mouse embryo fibroblasts. Culture on 1% gelatin 
coated dishes without feeder cells in DMEM high glucose with 20% FBS resulted in a gradual differentiation. Single cell 
suspensions were prepared by 5 min treatment with 1X trypsin EDTA followed by detachment from the dish aspiration and 
suspension in culture media. For each condition and each replicate three sets of samples were prepared for (i) live cell flow 
cytometry analysis, (ii) RT-PCR and (iii) deformability cytometry. For deformability cytometry the cell suspension was 
prepared immediately prior to the test (<1 hour). Cell suspensions were injected into the device, at a concentration of 200,000 
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Figure 3. Deformability correlated with 
pluripotency markers.  A) Deformability values 
normalized by cell initial diameter (d) decreases 
as cells differentiate, B) Cells become larger as 
they differentiate. C) Correlation between the 
mechanical measure (Deformability/d) and 
expression of OCT4 is 0.80 for UCLA1, 0.76 for 
UCLA2 and 0.98 for UCLA3 cell line. D) The 
same trend was observed for Nanog. Correlation 
between Deformability/d and Nanog expression is 
0.93 for UCLA1, 0.61 for UCLA2 and 0.99 for 
UCLA3 cell line. 
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Figure 2. Stem cell differentiation associated with 
deformability changes. A) Color density plots 
from three stem cell lines UCLA1, UCLA2 and 
UCLA3 (rows 1, 2 and 3 respectively) show 
gradual decreases in deformability and increases 
in cell size after initiation of differentiation. B) 
Comparing the deformability of UCLA1 cells 
from three different passage numbers before and 
after 12 days of differentiation shows slight 
differences between the profiles. Initial diameter 
axis spans 5 to 25µm and deformability axis 
ranges between 1.0 and 3.0.  
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to 500,000 cells/mL, using a syringe pump (Harvard Apparatus PHD 2000) and a plastic syringe (Becton), at flow rate of 
1000 µL/min.  
 
RESULTS AND DISCUSSION 

The deformability of human embryonic stem cells (hESCs) (day 0) 
was analyzed before and after feeder and serum-free non-specific 
induction to differentiation for up to 12 days. Fig. 2A shows the color 
density plots of deformability versus cell diameter for over time for three 
different hESC cell lines. Gradual changes in the density plots are visible 
with the progression of differentiation. While the pluripotent cells exhibit 
a deformable, small diameter profile mostly concentrated in upper-left 
quadrant of the plots, they switch to a larger, less deformable state as they 
lose their pluripotency. Although we observe the same trend of cell 
stiffening upon differentiation, the density plots indicate a difference 
between UCLA2 and the other two cell lines. The decrease in 
deformability and increase in size is consistently observed, even though 
some slight variations were detected at later passage numbers of UCLA1 
(Fig. 2B). The median value of the ratio between cell deformability and 
diameter was used as a simple metric to show this relative change of cell 
physical properties with time. The range of deformability/d parameter for 
each cell line upon differentiation is depicted in Fig. 3A. Cell size 
gradually increased upon differentiation (Fig. 3B). 

We assessed pluripotency of live cells using conventional 
pluripotency markers including Tra-1-85, Tra-1-81, and SSEA4 by 
immunofluorescence flow cytometric analysis at day 0 (Fig. 4A). The 
expression of Oct4 and Nanog was analyzed by RT-PCR as well (Fig. 
4B). The results consistently show down regulation of pluripotency 
markers following differentiation as expected. The high correlation (≥ 0.9 
for UCLA1 and UCLA2, for the expression of Oct4 and Nanog) between 
our mechanical measure and these commonly used pluripotency markers 
indicates the potential of deformability cytometry as a label-free assay of 
pluripotency (Fig. 3C and 3D).  
 
CONCLUSION 

The high correlation between our deformability measure and commonly used stem cell markers indicates the 
potential of deformability cytometry as a label-free assay to characterize cell pluripotency. The high information content, low 
cost, and high throughput of deformability cytometry technology provides further evidence for the feasibility of using 
deformability as a biomarker for routine screening of ESC quality and differentiation for research and clinical use. 
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Figure 4. A) Flow cytometry analysis for the 
expression of pluripotency markers TRA-1-85, 
TRA-1-81 and SSEA4 and viability analysis by 
DAPI for UCLA1, UCLA2 and UCLA3 
(column 1,2 and 3 respectively) shows high 
expression of the three markers at day 0. B) 
RT-PCR analysis confirms the gradual 
downregulation of these OCT4 and Nanog 
expression for up to 12 days of differentiation. 
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PARALLEL DISCRETE CHEMICAL STIMULATIONS OF 
MATRIX-ARRAYED NEUROSPHERES 

USING A MICROHOLE ARRAY DEVICE 
Takashi Yasuda1, Go Takase1, Kwang Young Jung1, Makoto Yamanaka1, 

Tomoko Tamura2, Kanji Yahiro2 
1Kyushu Institute of Technology, Japan, 2STEM Biomethod Corporation, Japan 

 
ABSTRACT 

We developed a microdevice for chemical stimulation of neurospheres. The device consists of 8 x 8 microwells for 
cell culture and 8 microchannels for transportation of stimulating solutions. The bottom of each well is made of a SiN 
membrane of 1 μm in thickness, and has 24 x 24 microholes of 2 μm in diameter which are used for diffusive release of 
stimulant molecules from the microchannel to the microwell. We succeeded in formation of a single neurosphere having 
average diameter of 160 μm in each well. Also, it was found that the stimulation using 20 % FBS (fetal bovine serum) 
highly enhanced the differentiation from NSCs (neural stem cells) to neurons. 

 
KEYWORDS 

Neurosphere, Neural stem cell, Microhole, Cell stimulation, Differentiation induction 
 

INTRODUCTION 
A neurosphere is a highly significant biological tool for basic researches of nerve regeneration. Several researchers 

have succeeded in development of microdevices for building a large number of uniform-sized 3D multicellular 
aggregates including neurospheres [1-4]. However, multiple chemical factors cannot be analyzed simultaneously on their 
single device because it doesn’t allow a single aggregate to be stimulated individually. We present a novel technique for 
arraying multiple neurospheres, 3D multicellular aggregates of NSCs, in a matrix on a microdevice, and stimulating each 
row of neurospheres individually with a differentiation-inducing factor that is released from microhole arrays. This 
technique permits parallel discrete stimulations using several different factors on a single device, and, therefore, can be 
used for the high-content assay in differentiation induction of NSCs. 

 
METHODS 

The device consists of 8 x 8 microwells, 8 inlets, 8 air vents, and 8 microchannels (Fig. 1). The wells are arranged in a 
matrix, and each of the channels is located directly under a row of wells. The bottom of each well is made of a 
transparent thin SiN membrane, and has multiple microholes. Before starting the stimulation, a single neurosphere is 
formed in each of the wells (Fig. 2(a, b)). When solutions including differentiation-inducing factors are injected into the 
channels, the solutions flow up to the well bottoms by capillary force. Then, the factor molecules are released from the 
microholes, and delivered to the neurospheres by diffusion, which induces the cell differentiation. (Fig. 2(c)). 
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Figure 1.  Schematic of a microhole array device. Figure 2.  Procedure of neurosphere formation and 
stimulation. 
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EXPERIMENTS 
Figure 3 shows the photographs of the fabricated device. The microwells were formed by anisotropic etching of a Si 

wafer. The well bottom measuring 350 μm x 350 μm was made of a 1 μm thick SiN membrane deposited by plasma 
CVD. The 24 x 24 microholes of 2 μm in diameter were opened in the membrane of each well bottom by dry etching 
with CF4 plasma. This microwell plate was sandwiched between two plates made of PDMS (polydimethylsiloxane); one 
includes 8 channels, and the other is used to make a cell-culture chamber surrounding the microwell array. 

We carried out experiments for formation and stimulation of neurospheres on the fabricated device. First, in order to 
prevent NSCs from adhering to a SiN surface, it was coated with PEG (polyethylene glycol) molecules. Next, NSCs were 
disseminated onto the microwell array in an optimal cell density of 2300 cells/well. Within a day, NSCs aggregated and 
formed a few neurospheres in each well. Then, they merged with one another, and the total number of neurospheres on 
the device decreased with time. Eventually a single neurosphere having an average diameter of 160 μm was formed in 
each well in 5 days (Fig. 4, 5). Also, the standard deviation of neurosphere diameter was highly improved during a single 
neurosphere formation (Fig. 6). 

Next, we stimulated the neurospheres using medium containing FBS (fetal bovine serum) which is a 
differentiation-inducing factor of NSCs. After the stimulation for three days, β-tubulin III which is a microtubule element 
found almost exclusively in neurons was fluorescently stained in order to evaluate differentiation from NSCs to neurons 
(Fig. 7). Experiments using FBS of eight concentrations of 0.1 to 40 % indicated that 20 % FBS most highly enhanced 
the differentiation (Fig. 8). 

 
 

 

Figure 3.  Photographs of the mcrowell array (a), the 
microhole array (b, c), and the entire device (d). 

Figure 4.  Single neurosphere formed in each 
microwell. 
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Figure 5.  Neurosphere diameter distribution. Figure 6.  Decrease in standard deviation of 
neurosphere diameter. 
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Figure 7.  Bright-field images (a-c) and fluorescence 
images (d-f) after FBS stimulations. 

Figure 8.  Fluorescence intensity of neurospheres 
differentiated by FBS stimulation. 

 
 

CONCLUSIONS 
The fabricated device succeeded in forming a single neurosphere in each microwell and stimulating a row of 

neurospheres individually through the microholes opened in the microwell bottoms. As a result, it was found that a 
neurosphere was most rapidly differentiated by 20 % FBS stimulation. In the near future, we will evaluate differentiation 
and morphological change of neurospheres after injecting other different factors into microchannels on a single device. 
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A MICROFLUIDIC DEVICE FOR REAL-TIME MONITORING OF 
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ABSTRACT 

Chlamydomonas is an extremely powerful model organism for studying cilia/flagella. With traditional methods, 
in-situ monitoring of flagellar assembly/disassembly kinetics in single living cells has been difficult because of 
time-consuming media exchange, the requirement of whole cell fixation or physical constraints on flagellar 
dynamics. Here, we develop a PDMS/glass hybrid microfluidic device for real-time tracking of flagellar length in 
single living cells of Chlamydomonas. Complete media exchange is precisely controlled by sequential gas-liquid 
plugs within seconds. The flagellar kinetics for the whole cell population on the chip was comparable to those from 
the conventional method, however, individual cells exhibited non-uniform response kinetics. 
     
KEYWORDS 
Flagellar length, Chlamydomonas, media exchange, real-time monitoring, single-cell analysis 

 
INTRODUCTION 

Flagella and cilia are dynamic cell surface organelles whose lengths are carefully regulated, and alterations in 
length are associated with several human diseases and development disorders, including blindness, polycystic kidney 
diseases, infertility and situs inversus [1-2]. Green alga Chlamydomonas is a widely used model organism to study 
mechanisms of assembly and disassembly of cilia/flagella. With conventional methods, it usually requires artificial 
steps as shown in Fig 1a, involving several constraints: flagellar length is measured and presented as average of 
those from multiple dead cells due to cell fixation; more importantly, transient changes of flagellar length upon 
extracellular stimuli cannot be captured due to time-consuming process of media switching.  

Microfluidics is an emerging powerful methodology for real-time single cell analysis and repeatable media 
exchange. A few attempts have been made on the analysis of Chlamydomonas on chip [3-5]. However, none of these 
on-chip studies have focused on flagellar length in Chlamydomonas at the single cell level. Here, we developed a 
microfluidic platform for in-situ flagellar length studies in single living cells of Chlamydomonas. 
 

 
Figure 1. (a) Schematic illustration of conventional method for flagella analysis. (b) Schematic illustration of the 
microfluidic platform for analysis of Chlamydomonas flagella. 

 
EXPERIMENTAL 

The device consists of PDMS/glass hybrid microwells for cell trapping and flagellar imaging (Fig. 1b). Fig 2a 
shows the procedure of switching media from Solution 1 (pink) to Solution 2 (green) in the microfluidic device. Air 
plug isolates adjacent liquid plugs, thereby reducing the contamination between neighboring liquid plugs. First, the 
channel was filled with liquid solution until there were no bubbles trapped inside the microwells. Next, the 
segmented solution (solution1, 2, 3) and air plugs were pre-loaded into the inlet tubing by suction at the outlet. Then 
all sequential plugs were introduced into the microfluidic channel by a syringe-pump system. The solution trapped in 
the microwells can be rapidly replaced by the flowing solution.  

To quantify time-lapsed media exchange in the microwells., we introduced 2 µl sequential plugs of fluorescein 
isothiocyanate (FITC, 1.0µM concentration), air, and pure deionized water (DI water, Millipore) into the channel at 
0.5 mL/h. Sequences of optical images of replacing FITC with DI water were obtained. 

For pH shock treatment, a series of 2.0 µL gas-liquid plugs containing cells, air, M medium (3 segments, 
prepared as supplementary), air, acetic acid (pH 4.5, adding trypan blue staining for visualization), air and M 
medium (3 segments) were injected into the device in sequence. To induce flagellar shortening, cells were incubated 
in 20 mM NaPPi for 2 h. For flagellar re-growth after induction of flagellar shortening, NaPPi were removed from 
the cells by fresh M media at different stages of shortening as indicated.  
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Figure 2. (a) Procedure of switching media from Solution 1 (pink) to Solution 2 (green) by gas-liquid exchange after 
pre-loading gas-liquid plugs into tubing. Solution 1 (pink) left in the microwells can be completely replaced by 
Solution 2 (green). (b) A time sequence of optical photographs of the microwells during removal of the fluorescein 
using a flow rate of 0.5 ml/h at the inlet. 

 
RESULTS AND DISCUSSION 

Sequential flow of gas-liquid plugs combined with optimum microwells allow controllable and complete media 
exchange. The intensity of FITC within the microwells decreased with time, and the fluorescein was completely 
replaced by DI water within 8 seconds at a flow rate of 0.5 ml/h (Fig. 2b). 

To demonstrate the capability of the device for flagellar length studies, we examined the response of flagellar 
length to different extracellular stimuli. For pH shock treatment, the flagellar lengths increased dramatically after 
flagellar loss, plateauing eventually. However, individual cells exhibited different flagellar lengths at each certain 
time point (Fig. 3). Interestingly, we observed that the cells near the center of the microwells were prone to excise 
their two flagella synchronously, while the cells away from the center shed their flagella asynchronously. This 
instantaneous dynamics of flagellar length indicate heterogeneity of two flagella as well as the importance of 
controlling of extracellular environment. To induce flagellar disassembly, cells were treated with 20mM NaPPi for 2 
h. As shown in Fig. 4, individual cells showed different flagellar shortening kinetics. Flagellar shortening can be 
reversed by removal of NaPPi. We found that cells the growth kinetics were different in the cells with shorter 
flagella that exhibited a faster initial growth rate (Fig. 5). The different response may reflect the ability of cells to 
dynamically monitor and adjust the length of each flagellum. 

The long-term kinetics of flagellar length during flagellar assembly and disassembly on the chip were 
comparable to those from the conventional method, however, individual cells showed non-uniform response kinetics. 
These variations may be attributed to cell cycle asynchrony and cellular heterogeneity, highlighting the importance 
of real-time single cell analysis. 

 

 
Figure 3. (a) Visual impressions of the time-response upon on-chip flagellar length after pH shock treatment. Yellow 
arrows point to the flagella tip. Scale bar, 10 µm. (b) Kinetics of flagellar regeneration of individual cells after 
deflagellation by pH shock. The traces of 8 individual cells are randomly chosen from at least 50 individual cells. 
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Figure 4. (a) Visual impression of the time-response upon on-chip flagellar length by treatment of 20mM NaPPi for 
120 min. Yellow arrows point to the flagella tip. Scale bar, 10 µm. (b) Kinetics of flagellar shortening of individual 
cells by NaPPi. The traces of 8 individual cells are randomly chosen from at least 50 individual cells. 

 
Fig. 5 (a) Time-lapse images of cells undergoing on-chip flagellar shortening and re-growing. NaPPi was added at 
-60 min and replaced by fresh M medium at 0 min. Yellow arrows point to the flagella tip. Scale bar, 10 µm. (b) 
Kinetics of flagellar disassembly and re-growth by incubation in 20mM NaPPi for different time scale. Flagellar 
length from at least 50 individual cells was measured for each time point. 

 
CONCLUSION 

Here we introduce microfluidics as a potential platform to control extracellular environment for flagellar length 
studies. The microfluidic platform herein offers unique advantages over conventional methods. Firstly, it is possible 
for continuous tracking of flagellar lengths of individual cells throughout their whole lifespan. Secondly, complete 
media exchange can be precisely controlled, allowing repeatable stimulation and automotive manipulation. Thirdly, 
the device is low cost with little sample consumption. This microfluidic platform will facilitate flagellar length 
studies within ciliated cells for better understanding of regulatory mechanisms of flagella; furthermore, it will 
provide insight into ciliopathy and ciliotherapy. 
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SINGLE CELL ELISA 
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ABSTRACT 
    We present a microfluidic device that allows parallel single cell trapping and isolation in microchambers, 
repeated treatment and washing steps, subsequent lysis and analysis by enzyme linked immunosorbent assays 
(ELISA). 
 
KEYWORDS 

Single cell analysis, ELISA, chemical analysis, intracellular, cell lysis, cell trapping 
 

INTRODUCTION 
Cell-to-cell differences play a key role in the ability of cell populations to adapt and evolve under varying 

conditions, and are considered to impact on the development of several diseases [1,2]. New microfluidic-based 
analytical methods developed recently have allowed studying the response of living cells to variations in chemical, 
physical or mechanical parameters [3-5]. However, the quantitative chemical analysis of single cell lysates remained 
difficult. Here, we combine a microfluidic device for single cell studies with the analytical power of enzyme linked 
immunosorbent assays (ELISA) to reliably quantify intracellular proteins and second messengers. 

 
EXPERIMENT 
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Fig.1: A) Photograph of the device, showing the fluid reservoir for the application of different reagents. Colored 
with green food dye. B) Picture of the array. In total, the device consists of 60 traps and chambers. As visible by the 

differently trapped food colors, the chambers of one row can be actuated differently, therefore avoiding 
cross-contamination. C) Schematic of a microchamber. Fluid flow, here from left to right, is used to introduce and 
trap a cell inside the microhurdle and to deliver compounds to the cell. The microhurdle can be isolated from the 
environment by hydraulic actuation of the microchamber (grey color). Upon pressurizing the control channels, a 

thin PDMS membrane with the doughnut-like design is pressed onto the bottom of the channel. The glass surface of 
the PDMS chip is prepared by microcontact printing (green area) to bind capture antibodies for the immobilization 

of the targeted antigen as depicted in the inset.  
 
 

The two-layer microfluidic device consists of 60 circular microchambers (volume 625 pL), each featuring a 
central cell trap (Fig. 1). Within a few hundred milliseconds, the content of the microchamber can be fully 
exchanged, while the cells remain trapped. In their closed state, the microchambers fully isolate the cells from 
surrounding solution [4]. Prior to assembling the chip, the bottom glass slide of the device is patterned by micro 
contact printing with binding spots as required for the ELISA (see scheme in Fig. 1C). In the experimental procedure, 
adherent or suspension cells are immobilized at the traps and the microchambers are closed afterwards to wash out 
the residual cell suspension. Next, lysis buffer is introduced and the chambers are shortly opened for 500 ms and 
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closed again. The trapped cells are lysed within seconds, and the released target molecules bind to the antibodies on 
the surface. After 15 min incubation time, the chamber is flushed with buffer to remove residual cell lysate and the 
enzyme (horse-radish peroxidase)-linked detection agent is added to the bound antigen. Due to the consecutive 
opening and closing of the microchambers, cross contamination is successfully avoided. Next, the substrate (Amplex 
Red) is introduced, and the emergence of the fluorescent product (resorufin) is detected in the closed microchamber 
by fluorescence microscopy (Fig. 2A).  
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Figure 2. Direct ELISA for GAPDH. A) Schematic drawing of the assay. Antibodies against GAPDH are 
immobilized on the surface. Cells with intracellular GAPDH are lysed and GAPDH is detected afterwards using a 
secondary antibody tagged with horseradish peroxidase (HRP), which converts non-fluorescent Amplex red into 

fluorescent resorufin. B) Typical measured curves for no cell (red) and one cell (black). The slopes of the curves in 
the orange indicated time are analyzed, which correspond to the concentration of captured GAPDH. C) The 

histograms and the box plots show the concentration distribution of GAPDH in U937 (red) and HEK cells (green). 
 

RESULTS 
   The performance of the device is demonstrated in a number of studies on adherent and suspension cells (i) by an 
immunoassay directly imaging the green fluorescent protein (GFP) expressed in human embryonic kidney (HEK 
293) cells (data not shown here). This assay was performed to confirm that intracellular expressed proteins bind to 
the surface via antibodies. 

 
Furthermore, a direct sandwich ELISA analyzing the enzyme glyceraldehyde 3-phosphate dehydrogenase  

(GAPDH) in histiocytic lymphoma (U937) cells was performed (Fig. 2). In this assay, the antibody against GAPDH 
was immobilized on the surface; the cells were lysed to release the enzyme GAPDH (here the antigen). The antigen 
was detected afterwards via a secondary antibody labeled with an enzyme (Fig. 2A). In this assay, the detection limit 
is currently as low as 1.29 amol GAPDH (calibration curve not shown here). As visible in figure 2C, the expression 
of the enzyme varies only within a small range from cell to cell, which is expected due to the essential function of 
the enzyme in the sugar metabolism. 

 
As a third assay, we performed a competitive ELISA format for the determination of the second messenger cyclic 

adenosine monophosphate (cAMP) in MLTC cells. In this experiment, we analyzed the cellular response to the 
luteinizing hormone in murine Leydig tumor cells (MLTC)(Fig. 3). Our results prove that the device enables the 
determination of cell-to-cell variations in the cAMP levels of cells stimulated with the hormone and non-stimulated 
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cells. Further experiments involved the addition of 3-isobutyl-1-methylxanthine (IBMX) that inhibits the conversion 
of cAMP to AMP, resulting in an elevated intracellular cAMP level (Fig. 3F). 
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Figure 3. Competitive ELISA to determine cAMP amounts in single cells. A) Fluorescent micrograph after 

running the full procedure. During an experiment, micrographs of the microchamber are taken in a constant time 
sequence. B) Data analysis. Curves are generated by analyzing the micrographs from A, and the linear part is fitted. 
C) Stimulation curve for MLTC cells and different LH concentrations (n=37 for 0.01 n/ml, n=21 for 1 ng/ml, n=22 
for 3 ng/ml, n=15 for 5 ng/ml, n=18 for 20 ng/ml and n=5 for 100ng/ml). Determined EC 50: 3.2 ng/ml. Red dots 
indicate mean values. D) Calibration curve. Correlation between cAMP content of the chamber and fitted linear 

slope. Curves show theoretical calculations for the binding events when assuming equal ligand concentrations and 
binding strengths (black) and an adapted situation (red). E) Dependence of time to 95% signal intensity versus 
binding sides. F) Results from stimulated cells (20 ng/ml LH) with (grey) and without (orange) 0.5mM IBMX. 

 
CONCLUSION 

Due to the great specificity of ELISA and the large number of antibodies available, we believe that our device 
provides a new, powerful means for single cell proteomics and metabolomics. 
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MICROFLUIDIC STRATEGY FOR SPATIOTEMPORALLY RESOLVED 
MOLECULAR SAMPLING FROM LIVE OVARY SLICES  
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Colorado State University, Fort Collins, Colorado, USA 

 
ABSTRACT 
    A prototype microfluidic platform has been developed for spatially and temporally resolved sampling of biomarkers 
expressed by organotypic tissue slices. The device draws liquid from the sample reservoir through discrete sampling 
ports into separate analysis microchannels. By monitoring the concentrations of specific biomarkers it is possible to map 
the concentration profiles of these molecules within the tissue as a function of time. This study uses ovary slices to 
enable monitoring of key regulators of follicular maturation and ovulation including growth differentiation factor 9 
(GDF9), bone morphogenetic protein 15 (BMP15), activin, FGF8, inhibin, follistatin, and betacellulin. 
 
KEYWORDS 
Microfluidic sampling, organotypic, spatially resolved, molecular gradients, cell signaling, ovulation.  

 
INTRODUCTION 

Infertility is a major problem worldwide for humans with an incidence among women of childbearing age that may be 
as high as 9%. [1] A major cause of this infertility is likely polycystic ovarian syndrome, or PCOS, [2] that is also noted 
to have an incidence between 5 and 10%. PCOS is perhaps the most common reproductive endocrine disorder in 
domestic livestock in addition to women, and may become yet a bigger problem in the future under the influence of a 
growing number of endocrine disrupting chemicals in the environment. [3,4] Advancing our understanding of ovarian 
function requires real-time, simultaneous detection of a number of key signaling molecules. 

Microfluidics has gained much attention in the world of reproductive biology and assisted reproductive technologies.
[5–7] While it has heretofore not been a successful strategy to develop follicles past the pre-antral stage using ovarian 
tissue ‘pieces’, [8] our preliminary studies, illustrated in Fig. 1, indicate that the ovarian slice preparation provides a 
solution to this problem. [9] Ovarian slices provide significant 3D support and microfluidics promises consistent 
provision of essential nutrients. This may yield an optimal solution for what is highly vascularized in vivo, but lacking in 
vitro. Furthermore, within a single ovarian tissue slice, there are follicles at different stages that will respond to specific 
stimuli, e.g., FSH, in different ways. [10] By virtue of the multi-well sampling capacity of the device used here, our 
experiments will determine responses to the same stimulus in different follicles in the same slices. 

 
EXPERIMENT 

In this study we implement a microfluidic device capable of sampling multiple chemical messengers from the ovary 
slice. A close up view of a prototype sample reservoir is shown in Fig. 2, whereby an organotypic ovary slice is placed 
on the bottom surface of that reservoir and immersed in growth media. The sampling ports connect to analysis 
microchannels (AMs), whose bottom surfaces are patterned [11] with antibodies against specific biomarkers. The AMs 
lead to a common outlet containing multiple passive pumping reservoirs able to provide long-term, steady-state flows of 
a variety of complex physiological fluids. [12] The flow rate through the analysis channels is linearly proportional to the 
number of pumping reservoirs in operation. However, during the long-term experiments (> 24 h) carried out here it is 
necessary to start and stop flow through the AMs to obtain biomarker concentrations at discrete time points. As 
illustrated in Fig. 3, capillary forces automatically fill the hydrophilic analysis microchannels when media is introduced 
to the sample reservoir, and the liquid is confined to those channels by the outlet geometry. Subsequent introduction of 
buffer (or other simple liquid mixture) to a secondary reservoir results in capillary-driven flow to the pumping 
reservoir(s), and this flow entrains the liquid in the analysis microchannels, thereby creating steady flow over the sensing 
regions. The flow will continue until the secondary reservoir is emptied; the duration of flow depends on the initial liquid 
volume introduced to the secondary reservoir.  

Proof of principal experiments have been conducted under continuous flow conditions that demonstrate the ability of 
the system to accurately map the spatial distribution of multiple analytes within the sample reservoir as a function of time. 
[13] Figure 4 shows the results from a coupled sampling experiment and micromosaic immunoassay, whereby two 
distinct proteins are introduced to the sample reservoir and their concentrations measured over time in the 19 AMs. The 
microchannel concentrations are then used to map the analyte distributions in the sample reservoir.  

Flow into the sample ports is complicated by the presence of the tissue slice on reservoir floor. To facilitate uniform 
flow under the tissue, the slice rests on support posts fabricated into the reservoir. Figure 5 illustrates the predicted flow 
streamlines passing around and under the tissue slices before leaving through the sample ports. The computational fluid 
dynamics (CFD) simulations also quantify the effect of support post height on the analyte concentration entering the 
sample ports. These simulations are being used to guide reservoir design so that optimal flow rates and flow paths are 
obtained under the flexible tissue slice. 
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Figure 1. Individual frame video sequences showing live GFP fluorescence 
in granulosa cells driven by the estrogen receptor beta promoter. Tissues are 
in vitro organotypic slices from prepubertal ovaries placed in vitro and 
treated with FSH. 

 
Figure 3. The spatiotemporal sampling device couples capillary valves with our passive pumping strategy 
[12] to start, maintain, and stop flow. Steady flow continues until the secondary reservoir is emptied; the 
duration of flow depends on the initial liquid volume introduced to the secondary reservoir. At the desired 
time point flow can be restarted in the analysis microchannels (AMs) by pipetting a new liquid volume to the 
secondary reservoir. 

 
Figure 2. Close up of the sample 
reservoir. The ovary slice rests on 
the bottom of the reservoir, atop the 
vertical sampling ports. 

Figure 4. The spatial microfluidic assay was reversibly bonded to a substrate with antigens immobilized in 
discrete stripes orthogonal to the analysis microchannels. Two separate 0.3 µL injections of anti-rat and 
anti-rabbit (0.67 mg mL-1) were injected in different locations into the sample reservoir. Steady state flow 
through the µFN was Qss = 0.59 nL s-1. The fluorescent images on the left show good spatial resolution between 
the two analyte species. (B) The fluorescent image is then quantified, corrected for background, and used in a 
interpolation scheme to estimate the species spatial distribution in the sample reservoir. Three assays of t = 10, 
20, and 30 minutes are shown. [13] 
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A key issue is whether the tissue will remain alive 
and viable in the sample reservoir for extended periods
of operation. This issue is non-trivial, given the 
potential chemical interactions between the tissue and 
PDMS structures, and the need to minimize 
evaporation rates from the sample reservoir while 
maintaining dissolved oxygen concentrations necessary 
for physiological function. To investigate this matter a 
live, 200 µm thick section of ovary is cut from a live 
mouse using a vibrating microtome (Leica VT1000S), 
and placed in the sample reservoir.  Serum free media 
is then added to the tissue well and the device is placed 
in a 5% CO2, 37°C environment to maintain 
viability.  A similar environment is maintained while 
viewing the tissue on the microscope. Using this and 
other similar slices with 75 µm diameter sample ports 
on a 150 µm pitch, measurements have been made to 
quantify levels of regulator molecules at different locations in the ovary slice. 
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Figure 5. (A) Finite element simulation of an analyte (D = 10–11 m2 s–1, J = 0.01 nmol cm–2 s–1) being secreted from a tissue 
slice sitting on the spatial sampler with 4 sampling ports on posts of height H = 100 µm with each sampling port pumping 
fluid at a rate of 1 nL/s. Analyte is secreted from both the top and bottom side of the tissue. (B) Concentration of analyte in 
each port vs. time for different post heights. 

 
Figure 6. An ovary slice is placed in a sample reservoir 
between two sampling ports. The analysis microchannels may 
be seen to the left and right of these two ports. The ovary is 
immersed in growth media and kept at 37°C in an incubator 
for 24 h. The slice was fully functional at that time point. 
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AN INTEGRATED MICROFLUIDIC PLATFORM FOR IN-SITU CELLULAR 
CYTOKINE SECRETION IMMUNOPHENOTYPING 
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ABSTRACT 
Rapid, quantitative detection of cell-secreted biomarker proteins with a low sample volume holds great promise to 

advance cellular immunophenotyping techniques for diagnosis and treatment of infectious diseases. Here we successfully 
developed an immunophenotyping assay with THP-1 human moncytic leukemia cells using a highly integrated 
microfluidic platform incorporating a no-wash bead-based chemiluminescence immunodetection scheme. Our study 
achieved ultra-sensitive cellular immunophenotyping with 20-fold fewer cells and 7 times faster than the conventional 
enzyme-linked immunosorbent assay (ELISA). Our strategy of monitoring immune cell functions could impact medical 
treatments of infectious diseases by enabling a sample-efficient cellular immunophenotyping analysis. 

KEYWORDS 
Cellular immunophenotyping, Microfluidics, Optics, Chemiluminescence.  

 
INTRODUCTION 

Cell-stimulation assay is a well-accepted technique for functional immunophenotyping analysis in immune disease 
diagnosis.[1, 2] It involves triggering immune response of white blood cells by introducing a stimulant followed by 
quantitatively measurements of cell-secreted cytokines (e.g., TNF-α). Conventional methods to quantify cellular cytokine 
production by enzyme-linked immunosorbent assay (ELISA) [3] usually require a large reagent volume and numerous 
manual manipulation and laborious and time-consuming processes, preventing using ELISA for clinical decision-making 
under time pressure. To overcome the limitations of conventional functional immunophenotyping methods using ELISA, 
we developed a polydimethylsiloxane (PDMS)-based microfluidic immunophenotyping assay (MIPA) device (Fig. 1a) 
capable of integrating all the assay operations on a single chip, including cell seeding, cell stimulation, and cell-secreted 
cytokine detection. The MIPA device incorporated a surface-micromachined PDMS microfiltration membrane (PMM). 
The MIPA device with the PMM provided a well-confined and miniaturized microenvironment for cell seeding and 
stimulation and permitted rapid diffusion of cell-secreted cytokine molecules from the cell culture chamber to the 
immunoassay chamber as illustrated in Fig. 1b. The miniaturized size of the MIPA device required less sample volume 
and shortened cytokine diffusion time. Our biomarker detection scheme further employed a bead-based 
chemiluminescence assay requiring no washing and lysing step while conjugating cell-secreted cytokines with assay 
beads, which enabled in-situ cell-secreted cytokine detections with the MIPA device. We used a canonical stimulant, 
lipopolysaccharide (LPS), to trigger functional responses of immune cells such as cytokine production.[4] The cytokine 
of interest to this work is tumor necrosis factor-α (TNF-α), a pro-inflammatory cytokine and a key biomarker associated 
with host defense and immunosurveillance.[5] TNF-α secretion from LPS-stimulated immune cells has been shown to 
reflect a functioning innate immune response. The MIPA device demonstrated here eliminated a need for complex 
instrumental operations, prolonged sample pretreatments, and protein surface immobilizations. Using the MIPA device, 
we demonstrated a rapid, convenient, and reagent-saving functional immunophenotyping assay with only 1,000 cells 
required, which is 20-fold less than required by current cell-stimulation assays. Owing to the miniaturized 
microenvironment coupled with no-wash bead-based homogenous immunoassay, the total assay time required for all the 
cell loading, cell stimulation, reagent incubation, and detection processes in the MIPA device was only about 3.5 hr, 7 
times faster than needed for conventional ELISA assay.  

 
Figure 1 Design and operation of the MIPA device. (a) Schematic of the multi-layered MIPA device. (b) SEM image of the 
PMM (c) Schematic of the functional immunophenotyping assay protocol.  

 
EXPERIMENT 

The structure of the MIPA device consisted of three different PDMS layers. The top and bottom PDMS layers were 
the cell culture and immunoassay chambers, respectively, and the middle layer was a PMM. The top cell culture chamber 
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of the MIPA device was designed for seeding and stimulation of THP-1 cells using LPS. The bottom immunoassay 

chamber of the MIPA device was designed for loading immunoassay beads and optical detection of AlphaLISA signals. 

The PMM was embedded between the top and bottom microfluidic layers for (1) isolation and enrichment of THP-1 cells 

and (2) allowing cytokines secreted from LPS-stimulated cells to diffuse rapidly into the bottom immunoassay chamber 

for quantitative immunosensing. The PMM contained an array of closely packed through holes of 4 µm in diameter and 

with a center-to-center distance of 10 µm. The PMM had an effective filtration area of 7 mm
2
 and a thickness of 10 µm. 

The cell isolation and cytokine diffusion efficiency is critically dependent on the membrane porosity, which is defined as 

the ratio between the total pore area to the total membrane area. In this work, we successfully fabricated the PMM with 

25% porosity. Even with the high porosity of the PMM, we did not observe any deformation of the PMM during all cell 

loading experiments, suggesting the PMM structure has superior mechanical robustness owing to the PMM supporting 

structures integrated in both the cell culture and immunoassay chambers. We characterized the cell seeding performance 

of the MIPA device for on-chip isolation and enrichment of THP-1 cells. THP-1 cells of 10-30 μm in diameter were 

loaded into the MIPA device in the complete cell medium at three different concentrations of 1 × 10
5
, 5 × 10

5
, 1 × 10

6
 

cells/mL under a flow rate of 5 µL/min. Fig. 2a&b show a photograph of the MIPA device and a SEM image of the PMM. 

Fig. 2c represents a temporal sequence of false-colored brightfield images showing isolation and enrichment of THP-1 

cells on the PMM. Using these brightfield images, we quantified the cell seeding density on the PMM as a function of the 

sample loading volume (Fig. 2d). Our results in Fig. 2 demonstrate that we could conveniently control the total number 

of THP-1 cells trapped on the PMM by modulating the sample injection time, necessary for normalizing the amount of 

TNF-α secreted by single THP-1 cells.  

 
Figure 2 Isolation and enrichment of THP-1 cells using the MIPA device. (a) Sequence of false-colored brightfield cell 

seeding images at different time points. (b) Plot of trapped cells density on the PMM as a function of loading volume. 

 

We systematically quantified the levels of TNF-α secreted by THP-1 cells as a function of the total cell population 

trapped on the PMM (n = 1,000, 5,000, and 20,000 cells) and the LPS concentration (10, 50, 100 ng/mL). The 

AlphaLISA signal detected using the optical system was converted to the TNF-α concentration using a TNF-α standard 

curve (Fig. 3a) generated using AlphaLISA with samples spiked with known concentrations of TNF-α. This TNF-α 

standard curve provided a correlation between the TNF-α concentration in the MIPA device and the corresponding 

AlphaLISA signal intensity. Fig. 3b plotted the TNF-α concentration secreted by THP-1 cells as a function of the total 

cell population and the LPS concentration. Our result demonstrated that as expected, the concentration of TNF-α secreted 

by THP-1 cells increased according to both the cell number and the LPS concentration. When the LPS concentration 

increased from 10 to 100 ng/mL, the TNF-α concentration secreted by 1,000, 5,000 and 20,000 THP-1 cells increased 

from 53 to 80 pg/mL, 67 to 123 pg/mL and 150 to 528 pg/mL, respectively. Fig. 3c&d plotted the average amount of 

TNF-α secreted by single THP-1 cells as a function of LPS concentrations (Fig. 3c) or the amount of LPS molecules 

available to single THP-1 cells (Fig. 3d). As shown in Fig. 3c, the amount of TNF-α secreted by single THP-1 cells 

appeared to increase as the cell number decreased.  More interestingly, as shown in Fig. 3d, the amount of TNF-α 

secreted by single THP-1 cells for different cell densities (n = 1,000, 5,000, and 20,000) collapsed and followed a single 

linear positive trend with the amount of LPS molecules available to single THP-1 cells, suggesting that TNF-α secretion 

process by single THP-1 cells might be dictated by the available LPS molecules independent of the cell population size. 

Finally, we compared the levels of TNF-α secretion between normal and deactivated THP-1 cells that were both 

stimulated with LPS. Identifying deactivation of monoctyes (also termed as immunoparalysis) can provide an effective 

means to predict health risks such as development of infectious complications.[6] It is believed that real-time phenotypic 

identification of patients with immunoparalysis could be used to guide alternative care strategies, such as immune 

stimulation.[7] To examine whether the MIPA device could distinguish normal THP-1 cells vs. immunoparalyzed 

immune cells, THP-1 cells were first treated with the complete cell growth medium supplemented with 10 ng/mL LPS 

for 24 hr to attenuate their secretion of cytokines, including TNF-α, in response to a second LPS stimulation. Deactivated 

THP-1 cells were then loaded into the MIPA device for TNF-α secretion measurements. Fig. 3e compared TNF-α 

concentrations secreted by normal and deactivated THP-1 cells trapped on the PMM for n = 20,000 cells. Consistent with 

prior in vitro models, TNF-α secretion by deactivated THP-1 cells was 2-4 times less than those of normal THP-1 cells, 

especially when LPS concentration was greater than 50 ng/mL. More interestingly, deactivated THP-1 cells appeared to 

be not sensitive to changes of LPS concentration as compared to normal THP-1 cells, as concentrations of the TNF-α 

secreted by deactivated THP-1 cells remained roughly constant (105 ± 12 pg/mL) as LPS concentration increased from 
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10 to 100 ng/mL. In distinct contrast, concentrations of TNF-α secreted by normal THP-1 cells increased from 150 to 528 

pg/mL with LPS concentration increasing from 10 to 100 ng/mL.   

 
Figure 3 Detection of TNF-α secreted from LPS-stimulated THP-1 cells using the MIPA device. (a) Standard curve for 

TNF-α detection. (b) Plot of TNF-α concentration secreted by LPS-stimulated THP-1 cells as a function of total cell 

number and LPS concentration. (c) Plot of TNF-α concentration secreted by normal and LPS-deactivated THP-1 cells. 

(d&e) Plots of TNF-α concentration secreted by individual cells as a function of LPS concentration (d) or LPS 

concentration per cell (e). 

 

CONCLUSION 

In summary, we demonstrated a rapid, convenient, and reagent-saving functional immunophenotyping assay using the 

MIPA device with only 1,000 cells required. Owing to the miniaturized microenvironment coupled with no-wash bead 

based homogenous immunoassay, the total assay time including LPS stimulation and AlphaLISA detection was only 

about 3.5 hr, 7 times faster than the conventional ELISA-based assay. Our MIPA device might find great applications in 

infectious and inflammatory disease diagnosis with only small sample volumes required and rapid assay time for clinical 

decision-making under time pressure.   
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ABSTRACT 

We present a static microfluidic device without use of hydrogel barrier for the generation of chemical gradient. 
The microfluidic device allows for the analysis of bacterial chemotaxis without use of hydrogel, membrane, and 
pump. We demonstrate a chemotactic response to attractant and repellent by measuring of dynamic change of 
bacterial population in detection area. In this chemotaxis assay, bacterial chemotaxis obviously shows different 
behaviors as chemoeffectors and concentrations. 
 
KEYWORDS 
Bacterial Chemotaxis, Microfluidic Device, Chemical gradient. 
 
INTRODUCTION 

Chemotaxis is physical phenotypes of organism for the determination of moving direction by sensing external 
stimuli. Under chemical gradient, this process of chemotaxis is operated by cooperation of chemoreceptors, signal 
transduction pathway, and molecular motor. In general, planktonic bacteria are randomly moving by rotation of their 
flagella between clockwise (CW) and counterclockwise (CCW) directions. Specific chemical gradient can frequently 
trigger bacterial switching movement of their flagella from CW to CCW. For example, they are biased to the CCW 
for running motility or CW for tumbling motility. Therefore, biased motility of bacteria in running leads to move 
toward the high concentration in attractant gradient or low concentration in repellent gradient. Likewise, generation 
of chemical gradient represents a powerful environment model to study bacterial chemotaxis responsed to 
chemoeffectors. 

There are several traditional methods for bacterial chemotaxis using chemical gradient such as swam plates and 
capillary assay. Another conventional method has analyzed the flagella motion in chemical gradient by monitoring of 
body rotation on attached state of bacteria. However, these techniques have several limitations in unstable chemical 
gradient, low sensitivity of bacteria, and longer analytical time. Recently, microfluidic device has become a powerful 
tool for generating a stable chemical gradient due to no turbulent flows in low Reynolds number.[1] In addition, fluid 
flow and channel dimension in microfluidics can be easily defined for accurate measurement of chemical gradient as 
well as observation of bacterial response. However, delicate control of flow in microchannels is critical factor for 
studying swimming bacteria because the high flow velocity drifts all bacteria or misunderstand the bacterial 
chemotactic behavior. To compensate the disadvantage of continuous dynamic methods, static microfluidic device 
integrated with hydrogels for the diffusion of chemicals are proposed.[2] However, hydrogel based microfluidic 
approach for the analysis of chemotaxis is inherently needed for complex procedure, external flow control system, 
and relatively long experiment time due to poor diffusion through hydrogel pore. Here, we present a static 
microfluidic method without hydrogel barrier and external pressure for the generation of chemical gradient and 
bacterial chemotaxis assays. 
 
RESULTS AND DISCUSSION 
 

 
Figure 1. Schematic diagram of microfluidic devce. (a) Design of total microfluidic device and junction channels 
gradient. Dashed line is etching regions to fabricate different height. (b) Experiment procedure for generation of 

chemical gradient. 
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Microfluidic design for the generation of chemical gradient and bacterial chemotaxis assay is depicted as shown 
in Figure 1A. Two reservoirs for sample loading and three ventilations are respectively positioned, and junction 
channel with different height is fabricated by multi-layer photolithography to control fluids. These structures are 
essential to stop fluid flow by surface tension. The microfluidic device contains hydrophobic PDMS and hydrophilic 
glass acts as modulator for flowing and stopping liquids in microchannels without external pressure. Experimental 
procedure for our device is shown in Figure 1B. First, bacterial solution is loaded in reservoir 1 and the solution is 
introduced into microchannel by capillary action of hydrophilic glass. Next, chemical solution is loaded in reservoir 
2 when the flow of bacterial solution is stopped by surface tension at junction channels. Two solutions are directly 
contacted at junction channels which molecules are diffused to detection channel from source channel of two sides. 
Finally, chemical concentration gradient is formed at detection channel and bacteria can respond. 
 

 
Figure 2. Characterization of chemical gradient at junction channels. (a) Time-lapse images for monitoring of 

dynamic diffusion behaviors. (b) Quantitative data for x and y axis at junction channels.
 

First, we demonstrate a chemical diffusion and formation of chemical gradient in detection regions using 
fluorescence dye as visualization agent (Figure 2). HEPES buffer and fluorescein (100 μM) dye are loaded in each 
reservoir 1 and 2, and then we have monitored a dynamic change of fluorescence intensity by fluorescence 
microscopy and measured to quantify x and y axis fluorescence intensity via line profiling (Figure 2A). Fluorescence 
images show a chemical diffusion dynamics which concentration in detection channel is increased as function of 
time. In addition, line profiling analysis of fluorescence along the x and y axis indicates the quantitative information 
for chemical diffusion dynamics (Figure 2B). In quantitative data of x axis, fluorescence intensities of both sides 
(source channel) retain a similar concentration during 15 min. Meanwhile, fluorescence intensities in middle region 
(detection channel) are increased in 15 min and reach to maximum concentration at 15 min. The concentration 
profiles of y axis as function of time show a linear formation of chemical gradient in detection region. Thus, we 
demonstrate that our static microfluidic device rapidly generates the chemical gradient within 15 min. 
 

 
Figure 3. Chemotactic response of PAO1 for attractant (1% pepton) and repellent (10 mM TCE). 
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Next, we used our static microfluidic device to monitor bacterial chemotaxis response to for chemoeffectors. As 
proof of concept, buffer as a control, 1% pepton as attractant and 10 mM trichloroethylene (TCE) as repellent are 
evaluated for response of Pseudomonas aeruginosa (PAO1) (Figure 3). To quantify the bacterial population, we 
define a detection area (40 μm  60 μm) and measure bacterial population as function of time (Figure 3b). First, we 
monitored the individual bacteria behaviors by the phase contrast optical microscopy to immediately measure 
dynamic change of bacterial population’s response. In the case of pepton, as expected, bacterial population 
continuously accumulates in chemical entrance region (relatively high concentration region), indicating that the 
bacteria sense chemical gradient of pepton as an attractant (Figure 3B). For analysis of repellent, we have loaded 
high density of bacteria to monitor moving away from high concentration of repellent in detection channel. We also 
identify the decreasing of bacterial population in detection channel (Figure 3B). Importantly, increase and decrease 
of bacterial number is obviously observed within 2 min indicating that PAO1 is rapidly sense the chemoeffector. In 
the case of HEPES buffer as control, bacterial population is not changeable, indicating that bacteria are freely move 
in the microchannel without influence of bacterial motility. Thus, we successfully demonstrate a chemotactic 
response to attractant and repellent by monitoring of bacterial population in detection area. 
 

 
Figure 4. Evaluation of bacterial chemotaxis for three types of amino acids as concentration (each 1 mM and 10 

mM). The dashed lines are a linear regression.
 

To extend our developed microfluidic device, we have examined the three types of amino acids (Figure 4). 
Bacterial chemotaxis obviously shows different behaviors as amino acids and concentrations. Meanwhile, in present 
of chemoeffector gradient, we found that accumulation rate of bacterial number (slope of linear regression) in 
detection area reveal the different magnitude of chemotactic response as introduced initial concentrations which 
indicate response magnitude of bacterial chemotaxis. Thus, these results confirm that the microfluidic device can 
easily monitor the change of bacterial population in specific region although it is dynamic and sensitive behavior of 
bacteria in rapid change of external environment. 
 
CONCLUSION 

A number of analysis tools have been used for study of bacterial chemotaxis. This device should be rapid and 
convenient to provide quantitative information of bacterial chemotaxis responded in various chemoeffectors for 
biologist. In this study, we demonstrate that developed microfluidic device is rapid and convenient for analysis of 
bacterial chemotaxis including short analysis time, hydrogel-free and pump-less system. In addition, static 
microfluidic device can measure and compare a chemotactic behavior via monitoring of change of bacterial 
population. Our device can study chemotactic behavior for several chemoeffectors related in bioremediation, human 
disease and marine food. In conclusion, the static microfluidic device can monitor and analyze a bacterial 
chemotaxis under the stable chemical gradient without hydrogel barrier and external equipment. 
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ELECTRICAL-IMPEDANCE-SPECTROSCOPY CHARACTERIZATION OF 
INDIVIDUALLY IMMOBILIZED SINGLE PARTICLES AND YEAST CELLS 

Zhen Zhu*, Olivier Frey, Niels Haandbæk, Diana Ottoz, Fabian Rudolf and Andreas Hierlemann 
ETH Zürich, Switzerland 

 
ABSTRACT 

This work presents a comparison of single particles and yeast cells in a microfluidic chip using electrical impedance 
spectroscopy (EIS). Single particles or cells are reliably immobilized at defined trapping sites and characterized by their 
electrical impedance spectra, which are measured via integrated electrodes. Parallel optical monitoring allows for direct 
correlation between the cell morphology and the recorded electrical impedance amplitude and phase signals over a frequency 
range from 10 kHz to 10 MHz. The results demonstrate that EIS is able to differentiate between immobilized individual 
particles and cells by measuring their resistance and membrane capacitance. 

 
KEYWORDS: Microfluidics, Electrical Impedance Spectroscopy, Single-Cell Analysis, Cell Trapping 
 
INTRODUCTION 

Electrical impedance spectroscopy (EIS) is a non-invasive and label-free method to analyze single cells according to their 
dielectric properties as a function of frequency [1]. Typically, EIS provides information related to the cell size or volume at 
lower frequencies, from ~100 kHz to ~1 MHz, the cell membrane capacitance at higher frequencies, between 2 MHz and 
5 MHz, and intracellular features, such as dielectric properties of the nucleus, at even higher frequencies, close to 10 MHz [2]. 

In order to perform single-cell analysis with EIS, researchers have integrated EIS into microfluidic devices, which enable 
high-throughput continuous-flow measurements of biological samples [3]. Other groups are focusing on the EIS of trapped 
single cells. Results show either a simple comparison of the signal amplitude before and after trapping of a single cell [4], or 
the variation of recorded signals during drug treatment of cells, seeded on a metal electrode [5]. 

Using the approach described previously [6], single cells can be reliably immobilized at defined sites in a microfluidic 
chip. This array-based cell trapping method is now extended with a local EIS system that enables the precise detection of 
immobilized particles and cells. Monodisperse spherical polystyrene particles and budding yeast cells (S. cerevisiae) have 
been characterized in the experiments. Performing multi-frequency EIS to determine both, the resistance of single 
particles/cells as well as the capacitance of the cell membrane are the first steps in the direction of multi-parameter 
measurements of biological cells, based on their dielectric properties.  

 
EXPERIMENTAL 

 
Figure 1: (a) Schematic top view of the microfluidic single-cell EIS chip without PDMS cover for better visibility and (b) 3D 

close-up view of a cell-trapping site with an immobilized cell. 
 

Figure 1 shows the schematics of the microfluidic chip, which is fabricated by means of a simple hybrid glass-SU-8-
PDMS process, similar to our previous work [6]. This microfluidic single-cell EIS chip consists of a cell-culturing channel, a 
suction channel, 10 cell-trapping sites that interconnect the cell-culturing and suction channels, a common electrode (stimulus 
electrode), and individual electrodes (recording electrodes), situated at the respective cell-trapping sites. In a typical 
experiment the suspension of particles or cells is introduced into the cell-culturing channel using a conventional syringe 
pump. Single particles or cells are reliably immobilized at the cell-trapping sites by applying a lower pressure to the suction 
channel via a precise pressure controller. Once a cell or particle is trapped, an AC signal is swept over a frequency range from 
10 kHz to 10 MHz on the stimulus electrode, and the induced signal is measured by the recording electrode (HF2IS 
Impedance Spectroscope, Zurich Instruments, Switzerland). At the same time, a bright-field microscope photograph of the 
immobilized particle or cell is taken. Finally, the cell/particle is released by increasing the applied pressure. For reference, the 
same impedance measurement is carried out again on the empty cell-trapping site to measure the baseline, which has to be 

CellRecording electrodeStimulus electrode SU-8 Photoresist

Cell-culturing channel

Suction channel

Cell-trapping site
(a) (b)
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consistent during an experimental run. This whole procedure of EIS is repeated for each immobilized particle or cell, and the 

results of electrical impedance measurements are correlated with optical images. 

 

THEORY 

 

Figure 2: Schematics of equivalent circuit models of (a) an empty cell-trapping site, (b) a site with an immobilized particle 

and (c) a site with an immobilized cell. 

 

In order to illustrate the expected differences among impedance measurements of the empty site, the site with an 

immobilized particle, and the site with an immobilized cell, simple equivalent-circuit models are shown in figure 2. For an 

empty site, the measured impedance includes the electrical double-layer capacitance (    ,     ) of both electrodes, the 

resistance of the bulk medium around the stimulus electrode (   ) and the recording electrode (   ), and the resistance of the 

bulk medium across the trapping site (   ). Thus the impedance across the stimulus electrode and recording electrode is: 

               
 

      
 

 

      
                                                                                                                                                       (1) 

For the case of an immobilized monodisperse particle, an additional element, the resistance of the particle (    ) is added 

in parallel to     and is responsible for the measured impedance change, which can be expressed as: 

                  
 

      
 

 

      
                                                                                                                                              (2) 

The dielectric properties of cells are more complex than those of particles and become decisive contributions to the total 

impedance. When a yeast cell is immobilized at the cell-trapping site, the cell membrane capacitance (  ) is also detectable 

by EIS at higher frequencies besides the resistance of the cell cytoplasm (     ). The measured impedance in this case is: 

              
 

      
 

 

      
            

 

    
                                                                                                                           (3) 

According to the 3 equations above, a polystyrene particle adds a contribution to the resistive component of the 

impedance, which is expressed in the amplitude of the EIS signal. Yeast cells do not only have a resistive but also a 

capacitive contribution to the impedance, so they should yield variations in both, the amplitude and phase of the EIS signal. 

 

RESULTS AND DISCUSSION 

 

Figure 3: Multi-frequency EIS of 8-μm particles (n=10): (a) amplitude and (b) phase of recorded signals, and (c) a 

microscope photo of an immobilized particle. Inset histograms show the mean values of amplitude at 500 kHz and phase at 

3 MHz with corresponding standard deviations. 
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8-µm particles are first used to characterize the EIS system, as illustrated in figure 3. After a single particle has been 

immobilized at the cell-trapping site, the amplitude curves in figure 3a show a significant difference over the frequency range 

from 100 kHz to 10 MHz, while the phase curves in figure 3b exhibit no visible difference over the whole frequency range. 

Because a monodisperse particle consists of uniform material without any membrane, the resistance of the particle is the only 

detectable parameter in the impedance measurement, which shows a good agreement with the experimental result. Moreover, 

the small standard deviations in the histograms prove the high resolution and sensitivity of this EIS system. 

 

Figure 4: Multi-frequency EIS of yeast cells (n=7): (a) amplitude and (b) phase of recorded signals, and (c) a microscope 

photo of an immobilized cell. Inset histograms display the mean values of amplitude at 500 kHz and phase at 3 MHz with 

corresponding standard deviations. 

 

Yeast cells, serving as biological model cells in this work, are loaded in cell suspension, and only cells without buds have 

been selectively trapped, monitored by microscope imaging (figure 4c), and measured by EIS (figure 4a, 4b). The amplitude 

curves show that the signal from a site with an immobilized yeast cell exhibits a significant difference from the empty site, 

especially between 100 kHz and 1 MHz, which is due to the detectable resistance of the cytoplasm at lower frequency. 

Furthermore, the phase curves display a visible difference as well, specifically around 3 MHz, which proves that the 

membrane capacitance is a detectable parameter at higher frequency. In contrast to measurements of particles, the slightly 

bigger standard deviations in the histograms here are due to the size variation of cells. However, these results confirm the 

high reliability of this EIS system for detection of single cells. 

 

CONCLUSION 

We presented a microfluidic chip that integrates the functions of immobilization and EIS of single particles and/or yeast 

cells. The experimental results demonstrate that this EIS system can be used to differentiate single particles and cells 

according to recorded phase signals. These are due to the detectable membrane capacitance of cells at higher frequency, 

which is consistent with theoretical considerations. The small standard deviations demonstrate the high sensitivity and 

resolution of this EIS system. Combined with fluorescent microscopy, this system constitutes a promising approach to single-

cell analysis in systems biology.  
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SAMPLE PREPARATION FOR SINGLE-CELL WHOLE CHROMOSOME ANALYSIS 
Jason P. Beech1, Karl Adolfsson1, Stefan Holm1, Farnaz Yadegari1, Camilla Freitag2, Joachim 

Fritzsche2, Kalim U. Mir3 and Jonas O. Tegenfeldt1,2 
1Lund University, Sweden, 2University of Gothenburg, Sweden, 3University of Oxford, United Kingdom

 
ABSTRACT 

In this work we present an integrated system for whole chromosome analysis of single bacterium. Using whole genome 
barcoding techniques, which offer direct and rapid microscopic visualization of the entire genome in one field-of-view, we 
aim to rapidly identify individual bacterium. We are developing our device to achieve the crucial, and difficult process of 
isolating a bacterium, removing the DNA in one piece and transferring it to a nano-channel for visualisation. In order to 
achieve control over the bacteria we encapsulate them in agarose, using flow focusing. The encapsulated bacteria can then 
be transported in microchannels to proximity with the nanochannels and then chemically lysis can be performed. Following 
lysis the intact genome can be extracted and transferred to the meandering nanochannel for analysis. We believe this device 
holds the potential to significantly decrease analysis times for single cell, whole genome analysis with the potential of 
opening up for automated, high-throughput genome analysis in microfluidic systems. 

 
KEYWORDS  
Melting mapping, bacteria encapsulation, chromosome analysis, nanochannels 
 
INTRODUCTION 

The recent advent of whole genome barcoding techniques [1-3] applicable to use together with direct visualization of 
DNA in nanofluidic devices [4, 5] opens up for a range of applications in medicine and biology based on the characterization 
of large-scale genomic rearrangements and identification of pathogens. One important roadblock in this context is sample 
preparation. Here we present the development of a comprehensive system to extract intact chromosomal DNA from 
individual bacteria, and the transfer of this DNA to nanochannels for characterization. 

 
EXPERIMENTAL 

The bacteria are encapsulated in low-melting point agarose droplets, formed using flow focusing [6], see Figure 1 A 
and B. We use a fluorinated oil with added surfactant (Picosurf™) as the continuous phase and keep the drop-forming 
device at a temperature of 40C, which ensures that the agarose remains melted and with a viscosity that facilitates drop 
formation. The temperature is subsequently lowered and the gelified agarose droplets are extracted from the oil phase. 
Extraction is performed using a sugar solution with a density less than the oil, which 1.9 g ml-1, but greater than the 
agarose which is added on top of the agarose/oil emulsion. The agarose capsules cream to the top of the sugar solution and 
can then be collected and washed. Figure 1 C shows encapsulated, GFP expressing E. coli. 

Lysis was performed using a DNA isolation kit (PureLink) from Invitrogen containing proteinase K and RNase A. 
After transfer of the bacteria-containing capsules to 0.5x TBE buffer, DNA was extracted using an applied DC field at 
7.5v cm-1 as shown in Figure 1 D. 

DNA can then be transported into a meandering nanochannel, designed to maximize the length of DNA that can be 
imaged simultaneously. Each meander can hold 6 Mbp of DNA stretched to 50% extension (1 mm), which can then be 
imaged within one field of view. Figure 1 D shows an entire chromosome (5.7 Mbp) from Schizosaccharomyces pombe
stained with YOYO-1 at a concentration of 1 dye molecule per 6 bp. Any fragments from the lysis, large enough to clog 
the nanochannel, remain trapped within the agarose capsules.

The final step of the procedure is to perform a whole genome barcoding [1-3] for identification. Figure 1 F shows a 
1Mbp segment of S. pombe stained with YOYO-1 to a ratio of 1 dye molecule to 6 bp subjected to melting mapping [2].

 
RESULTS AND DISCUSSION 

At present, encapsulation, lysis, DNA extraction and genome barcoding have been optimized separately with the 
results shown in Figure 1. We are currently working to integrate these steps into a single device with 
pathogen-in/genome-barcode-out functionality. The difficulties are those of fabricating large-scale microchannels and 
nanochannels in the same device, of transporting fluids between channels of such disparate scales and also of 
temperature control for both the encapsulation and the meltmapping steps. We aim to present our progress towards this 
goal at the conference. 
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Figure 1: (A) A microfluidic device is used to create agarose drops in oil. (B) Bacteria (in this case E. coli) are 

encapsulated in the agarose phase of the emulsion. (C) After gelification the bacteria can be lysed. Most of the cell debris 

is trapped in the agarose capsule but the DNA can be extracted using electrophoresis, as shown in (D). The intact DNA 

can be transferred to a nanochannel (this image shows S. pombe) (E) where it is linearized and can be imaged using for 

example meltmapping,(F) which again shows S. Pombe. 
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MICROFLUIDIC DEVICE FOR MEASURING THE DEFORMABILITY 
OF RED CELLS PARASITIZED BY PLASMODIUM FALCIPARUM 

Quan Guo1, Marie-Eve Myrand-Lapierre1, Hongshen Ma1 
1University of British Columbia, Canada 

 
ABSTRACT 

Central to the pathology of falciparum malaria is a reduction in the deformability of the infected red blood cells 
(RBCs). To enable improved methods to study this disease, we developed a microfluidic device to measure the 
deformability of infected cells. Individual RBCs are first infused into a series of funnel shaped constrictions. The 
deformability of individual cells is measured using the pressure required to deform each cell through a constriction. 
Using this device, we found that parasitized RBCs from ring through schizont stages show distinct deformability 
distributions with mean values that are 1.5 to 200 times stiffer than uninfected cells. 
 
KEYWORDS 
Malaria, Plasmodium falciparum, red blood cells (RBCs), deformability/rigidity, and cortical tension  

 
INTRODUCTION 

Plasmodium falciparum is the most common species of parasites that cause malaria in humans, and is responsible 
for ~1 million deaths worldwide every year. A key characteristic of falciparum malaria is a decrease in the 
deformability of infected RBCs, which disrupts normal blood circulation and causes infected cells to accumulate in 
the microvasculature of vital organs [1]. Consequently, the mechanical deformability of infected RBCs could 
potentially serve as an important biomarker to investigate the mechanism of infection and patient response to 
treatments [2].  

 
Recently we developed a microfluidic device to investigate the reduction of RBC deformability in falciparum 

malaria [3]. Individual uninfected or infected RBCs are deformed through micrometer scale tapered constrictions 
with minimum openings (pore size) ranging from 5 down to 2 µm using precisely controlled hydrodynamic pressure. 
The threshold pressure required to deform each cell through the funnel constriction is measured and used to 
determine their intrinsic deformability. Compared with traditional techniques, such as micropipette aspiration [4] and 
optical tweezers [5], our technique requires significantly less technical skill and specialized equipment, yet yields 
results with a similar level of precision and sensitivity. Compared with existing microfluidic devices for studying 
infected RBCs based on capillary obstruction [6], wedging in tapered constrictions [7], and transit time through 
constrictions [8], our technique is able to produce a more sensitive output with greater discrimination across different 
stages of infection. 

 
Figure 1 Microfuidic device to measure the rigidity of single infected RBC by P. falciparum using precise and 

minute pressure and microscopic tapered funnels  
 

DESIGN AND THEORY 
Our microfluidic device is composed of two layer PDMS with flow and control layers fabricated using 

multi-layer soft lithography as illustrated in Figure 1. The device is composed of a long channel spanning from point 
(a) to (b) with an array of funnels branching out from point (c) and (d). The length of (c) and (d) is 1/100 of the 
length of the long channel from (a) to (b). This arrangement constitutes a pressure attenuator where the pressure 
across (c) and (d) is attenuated by a factor of 1/100 of the pressure applied across (a) and (b). Connected to the 
funnel array is the cell inlet and outlet. The process of infusing test cells into the funnel constrictions is separated 
from the pressure measurement using membrane microvalves. Specifically, the measurement procedure involves 
initially introducing single RBCs into the funnel region with valve 1 and 2 closed. Once a cell arrives in the funnel 
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region, valves 3 and 4 are closed at the same time as valve 1 and 2 are opened. In this configuration, external 
pressure applied across (a) and (b) is attenuated and applied across the funnel array, which deform individual RBCs 
through each funnel constriction. Micrographs of the deformation process for a single parasitized cell are shown in 
Figure 2A. Specifically, each tested RBC is flowed to the mouth of the funnel till it comes in contact with the funnel. 
The pressure on the cell is then slowly increased until it successfully transits through the constriction. 

  
Figure 2 (A) A single parasitized RBCs at the trophozoite stage being deformed through a funnel constriction 

using precisely controlled pressure; (B) Geometrical model of a single RBC at the critical point before transiting 
through a funnel constriction, where its intrinsic deformability can be determined using the Young-Laplace Law 

 
Unparasitized RBCs and parasitized RBCs at ring and trophozoite stages are measured using funnel constrictions 

with a lateral opening (W0) of 2 to 3 µm constrictions. Parasitized RBCs at the schizont stage are measured using 
funnels with lateral openings of 3 µm or larger funnel. The height of the funnel constrictions is selected to be 4.1 ± 
0.1 µm in order to constrain normal RBCs in the planar configuration while allowing the passage of parasitized cells 
that can take on a more spherical shape. A device thickness of less than 3.0 µm was found to exclude some infected 
RBCs from entering the funnel array. 

 
The deformation of single RBCs can be modeled using the liquid drop model, where intrinsic deformability of 

each cell can be represented using the cortical tension (Tc) and determined using the Young-Laplace law as shown in 
Figure 2B. As each cell deforms through the funnel with gradually increasing pressure, an instability occurs when 
the radius of the emerging surface becomes equal to one-half of the lateral opening (i.e. Ra = W0/2), and the cell 
rapidly transits through the funnel without further increases in pressure [9]. At this point, the cortical tension can be 
determined from the geometrical constraints at this critical point and the threshold pressure using equation (1). 

 
RESULTS AND DISCUSSION 

The cortical tension values of various stages of parasitized red blood cells from an in vitro culture of P. 
falciparum parasites are shown in Figure 3A and 3B. The results from each stage (except schizont) showed 
approximately normal distributions with mean and standard deviation of 3.39 ± 0.54 (unexposed), 3.19 ± 0.42 
(uninfected, but exposed), 4.66 ± 1.15 (rings), 8.26 ± 2.84 (early trophozoites), and 21.38 ± 5.81 (mid-late 
trophozoites). The measured cortical tension of schizont stage cells varied from 85 to 1300 pN/µm.  

 
Figure 3 (A) histogram of cortical tension values of parasitized red cells at different stages of infection; (B) 

boxplot of cortical tension values of red cells at different conditions and stages of infection, with microscopic images 
of corresponding condition or stages of cell being deformed through the funnel constriction.
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Comparing our results with results obtained in optical tweezers studies [5, 10], we measured significantly higher 

relative stiffness for trophozoite and schizont stage cells, and lower relative stiffness for ring stage cells. Specifically, 

we found trophozoite and schizont stage parasites to be ~7 and ~200 times more rigid than uninfected cells, whereas 

optical tweezers studies found these cells to be ~4 and ~10 time stiffer, respectively. On the other hand, we found 

ring stage parasites to be ~1.5 times stiffer than uninfected cells, whereas optical tweezers studies found these cells 

to be ~3 times stiffer. These differences can be likely explained based on the nature of the mechanical constraint 

associated with each measurement method. Optical tweezers experiments measure the resistance to tensile stretching 

applied to a portion of the cell membrane, while our technique deforms the test cell as a whole consisting of both 

cytoplasm and membrane. In ring stage cells, the modification of the cell membrane caused by proteins exported by 

the parasite has been shown to be a dominant stiffening factor [11] and hence, a greater mechanical change can be 

detected using optical tweezers. In trophozoite and schizont stage cells, the dominant stiffening mechanism is the 

presence of parasite-derived structures occupying the cytosol. Consequently, a greater mechanical change is 

measured using our technique. For biophysical studies, our method presents closer resemblance of the mechanics of 

circulation and blood vessel occlusion. Additionally, it is interesting to note that we observed no difference in 

deformability between unexposed RBCs and uninfected RBCs as shown in Figure 3B, which contradicts previous 

findings obtained using optical tweezers. Compared with previous biomechanical measurements of parasitized RBCs 

performed using micropipette aspiration [4], as well as other microfluidic techniques [6-8], our technique offers 

significantly enhanced signal, where the mean deformability of uninfected and ring stage parasites are clearly 

separated. 

 

To further analyze our results, we use the coefficient of variation (CV) to evaluate the variability of the cell 

deformability measurements. The CV for parasitized cells from ring to trophozoite stages varies from 0.13 to 0.27 

while the CV for the schizont stage is 0.94. The greater variation in cell deformability at advanced stages of infection 

likely results from the unstructured morphological changes associated with the replication of the merozoites from the 

host cells.  

 

CONCLUSION 

In summary, we developed a microfluidic technique to measure the decrease in deformability of parasitized 

RBCs based on the pressure required to squeeze them through micrometer constrictions. We showed that the 

deformability distributions of uninfected and infected RBCs at various stages of infection are clearly separated from 

one another. These results indicate the potential of using this technique to identify malaria infected cells without 

optical verification, as well as studying the effect of potential drugs.  
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ABSTRACT: 
With the advent of microfluidic devices it has become possible to control on-demand the properties of fluidic environments at 
the microscale. This has opened the way to the development of microfluidic systems capable of analysing the response of 
individual cells under exposure to a range of different physical and chemical stimuli. This methodology, which has been 
defined by many as single-cell analysis (SCA), has permitted to gain a deeper understanding of the mechanisms with which 
cells transduce extracellular stimuli into intracellular biophysical and biochemical activities. However, it still remains unclear 
how this transduction process develops in osteoblast cells and which are the key governing parameters. In the present study 
we report a microfluidic-based SCA technique for investigating the mechanisms of osteoblast mechanotransduction under 
exposure to fluid shear stress (FSS). With the developed method we quantified local cellular adaptations under exposure to 
FSS, and we found that membrane cholesterol-rich domains (lipid rafts, LRs) acted as one of the main regulators of cellular 
adaptation. LRs content was found to be correlated with the extent of cell membrane deformation, stress fiber formation and 
change of traction force at the increased number of focal adhesion points (FAPs). 
 
KEYWORDS:
Mechanotransduction; Membrane deformation; Lipid rafts; Force adaptation; Stress fibers; Cellular traction force 
 
INTRODUCTION: 

Cellular mechanotransduction is the functional translation of external physical stimuli into intracellular biophysical and 
biochemical responses. Despite the governing mechanisms have been widely investigated, the process of cell adaptation 
under mechanical stress remains grossly elusive mainly due to the lack of biomimetic experimental conditions capable of 
reproducing the physiological circumstances. With the advent of microfluidics, a range of mechanical stimuli can be applied 
on individual cells, and cell response can be monitored in situ through SCA [1, 2]. SCA studies suggested that FSS-induced 
cellular response may be modulated by the spatial heterogeneity of cell membrane structure and the dynamics of membrane 
physical properties, including the content of LRs. It has been previously observed that membrane physical properties, such as
fluidity and viscoelasticity, are governed by the internalization and externalization of LRs between cell membrane and vesicle 
membranes. However, the dynamic behaviour of LRs under biomimetic fluidic conditions and how the interaction between 
LRs and other cellular mechanosensors (i.e. membrane receptors, ion-channels and focal adhesions) affects the propagation 
of mechanical forces remain widely overlooked, and represent the subject of the present investigation. 

EXPERIMENTAL: 
 

 

Figure 1 – (a) Hybrid PDMS-glass microfluidic device. (b) Microscope image of single MG63 osteoblast cell with 
membrane-linked 500nm diameter fluorescent beads. (c) Schematic depiction of the analysis system. Beads displacement is 
tracked for calculating cell membrane deformation, and a finite element (FE) analysis is performed to calculate LR content. 
(d) Representative membrane deformation (ɛx) trend, with identification of maximum deformation (ɛmax) and plastic 
deformation (ɛp). FSS pulse duration, T = 4min. 
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Human osteoblasts are exposed to different mechanical stimuli, including FSS generated by the fluid flow within the 
lacunar and canalicular networks of bone during the cyclic excercise. In the present study, human osteoblast cell line, MG63, 
was used as a model mechanoresponsive cell. A novel microfluidic-based method was developed in order to investigate the 
relationship between membrane deformation and the spatio-temporal dynamics of LRs under exposure to both steady and 
unsteady (i.e. pulsed) FSS. Briefly, 500nm diameter fibronectin-coated fluorescent beads were attached to the MG63 cell 
membrane and cells were seeded within hybrid PDMS-glass microfluidic channels (Fig. 1a-b). 

FSS, either steady or unsteady, was generated by pumping 1% serum containing media through the microfluidic channel, 
using programmable syringe pump and solenoid valve. In order to quantify membrane deformation dynamics under varying 
FSS levels, membrane-linked beads were simultaneously tracked by using confocal laser scanning microscopy and a 
MATLAB-based multiple-particle tracking algorithm (Fig. 1c-d). Membrane fluidity and LRs dynamics were quantified by 
fluorescent labelling, using 4-(Dicyanovinyl) Julolidine (DCVJ) molecular rotor and cholera toxin subunit B(CTxB) 
conjugated with alexafluor-594, respectively. The mechanisms of FSS sensing and FSS-induced intracellular biochemical 
adaptations were also elucidated by probing the sub-cellular change in actin polymerization, by GFP-Actin transfection, and 
cell traction force, by using an in-house traction force microscopy technique [3]. 

 
RESULTS AND DISCUSSION: 

Results showed that the dynamics of cell membrane deformation was mainly regulated by the dynamics of the applied 
FSS stimulus, and two main phases of cell membrane deformation could be detected. With immediate onset of the flow, 
membrane deformed predominantly in the flow direction (i.e. stress-governed deformational phase). When the flow was 
stopped, membrane tended to recover its initial configuration (i.e. recovery phase). A residual plastic deformation was 
detected at the end of the recovery phase, which was observed to depend on the duration of the FSS pulse (Fig. 2c) and LRs 
content. Interestingly, a correlation between local LRs content and membrane deformation was observed (Fig. 2d). During 
stress-governed deformational phase, the overall LRs content was observed to increase. Conversely, membrane content of 
LRs was observed to decrease during the recovery phase. This observation clearly shows that cells adapt to physical force 
exerted in the form of FSS, which cause cell membrane to deform or potentially being damaged, with an increase of LRs 
content. Such increase is likely associated with increased membrane rigidity and reduced membrane recovery time. 

 

 
Figure 2 – (a) Representative membrane deformation (ɛx) under exposure to pulsed FSS. (b) Fluorescent images of CTxB-
Alexafluor 594 labelled LRs, indicating LRs content and their localization in the membrane at different timescale during 
pulsed FSS. (c) Dependence of plastic deformation, ɛp, on the duration of the FSS pulse (T). (d) Correlation between local 
deformation and lipid raft content (I). T = 4min. Deformation and LRs content are normalised with respect to the maximum 
value. 
 

For better adaptation under FSS, the internal force propagation was initiated at the membrane LRs-rich region, via 
increased actin polymerization near the membrane (Fig. 3). The polymerized actin-network helped MG63 to interact more 
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strongly with the substrate in order to prevent detachment by formation of more focal adhesion points (FAPs). In this 
adaptation process, the increased amount of LRs mediated by applied physical forces initiated the process of actin 
polymerization and stress fiber formation by activation of Rho-GTPase and formation of Arp2/3 complexes. The strength of 
cellular skeletal backbone was increased by actin polymerization process and the cell attachment strength to the substrate was 
increased by stress fiber formation at FAPs. The latter phenomenon resulted in initial increase of cell traction force near the 
membrane region; which however was observed to decrease at long-term exposure to FSS (Fig. 4). Osteoblastic force sensing 
and propagation were significantly decreased by treatment with methyl-β-cyclodextrin and increased by cholesterol (results 
not shown), demonstrating the role played by LRs in the mechanotransduction process. 

 

 
Figure 3 -GFP-actin dynamics during shear stress adaptation process. (a) At t=t0 actin network of MG63 was long expanded 
and a reduced number of FAPs was detected. (b) After application of FSS, at t=t1, actin network was more branched and an 
increased number of FAPs was detected, which were localized mainly at the membrane region. (c) Subsequently, cell tended 
to regain its primary actin structure after flow was stopped. 

 

 
 

Figure 4– Quantification of traction forces exerted on the substrate by single cell subjected to pulsed FSS. (a) Merged 
picture of cell (bright field), fibronectin coated beads (red fluorescent) attached to the membrane, and polystyrene beads 
(green fluorescent) embedded within soft PDMS substrate. (b-e) Traction force field at different time intervals during 
application of pulsed FSS. T=3 sec; 1pixel=0.482µm. 
 
CONCLUSION: 

In the force-mediated adaptation of MG63, LRs play major role by initiation of the biochemical signalling, including 
increase of actin stress fibers and traction force at FAPs. Hence, it can be concluded that osteoblast mechanotransduction may 
be predominantly regulated by LRs, and unique dynamic couplings between membrane deformation, LRs content and 
intracellular signals occur during a mechanical sensing process. 
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ABSTRACT 

We report microfluidic devices for automated synchronization and analysis of bacteria. To generate cells with similar 
ages, cells were seeded on chip, flushed with fresh media at regular intervals, and released on demand into an analysis 
channel. We evaluated device performance over six consecutive collections at 10-min intervals and any time over four days. 
Flow cytometry and fluorescence cell tracking were used to determine synchrony quality, and our devices compared 
favorably to the conventional plate-release method, but without the need for manual operations. In addition, we studied 
individual cells from these synchronized cell populations and monitored the increase in their stalk length in phosphate-
deprived media.  

 
KEYWORDS 
Automated cell culture, microfluidics, synchronization, Caulobacter crescentus, biofilm 

INTRODUCTION 
Microfluidic platforms are advantageous over traditional techniques because the local environment can be precisely 

controlled, and individual cells can be tracked to determine their response to changes in the environment. Moreover, cells can 
be cultured in one area on the device, and newborn cells can be transferred to an uncontaminated region of the same device 
for downstream analysis. To better understand how biofilms initiate and form, our group has worked with the non-pathogenic 
freshwater bacterium Caulobacter crescentus. C. crescentus undergoes asymmetric binary fission that results in two 
genetically similar but morphologically different progeny, which age over time [1]. Therefore, synchronization of C. 
crescentus cells to the same age prior to analysis is critical to prevent convolution of the cellular response with changes due 
to aging.  

EXPERIMENTAL 
We have developed two devices to culture and synchronize C. crescentus cells (Figure 1). Device 1 is fabricated from 

three layers (fluid, membrane and control) of PDMS (poly(dimethylsiloxane)) [2]. The control layer contains 40-µm deep 
channels and vacuum/pressure access ports. The control layer is irreversibly bonded to a 100-µm thick PDMS membrane and 
aligned with the fluid layer which contains microchannels that are 300 µm wide and 20 µm deep. The assembled device is 
autoclaved prior to use. Device 2 incorporated the fluid layer in the membrane to produce a lifting gate valve [3]. The PDMS 
part of the device was irreversibly bonded to a thin coverslip to permit microscopy with high numerical aperture objectives. 
Both devices contain valves that are actuated by applying vacuum and pressure to open and close the valves, respectively. 
For both devices, we inoculate the incubation region with a mixed culture and allow the biofilm to grow overnight.  

 

 
Figure 1. (a) Schematic of the microfluidic device for integrated cell synchronization and analysis. Open circles represent 
reservoirs, and closed circles represent valves. The valves labeled pumps 1, 2, and 3 are used as peristaltic pumps. The 
biofilm is seeded and grown in the incubation region, and the synchronized population collected from the biofilm is 
transferred to one or more of the analysis channels for downstream experiments. To confirm that the biofilm is confined to 
the incubation region, panel (b) is a bright field image of valve 1 at the exit of the incubation region, and panel (c) is a 
fluorescence image of the biofilm (bright region) confined by the valve. 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1006



 

 

     Device 1 was used to culture and synchronize wild-type C. crescentus cells that express gfp (green fluorescent protein). 

The quality of the cell synchrony and cell density for device 1 were assessed with conventional flow cytometry and 

fluorescence microscopy (Figure 2). Device 2 was used to monitor the response of C. crescentus to phosphate deprivation. 

Fluorescence microscopy of C. crescentus cells that express cytoplasmic red fluorescent protein (DsRed) and stalk specific 

StpX-gfp was used to monitor stalk elongation. A synchronized population from the biofilm was transferred into an analysis 

channel and permitted to adhere in phosphate rich media. The media in the channel was then replaced with a low phosphate 

media, and the rate of stalk growth due to this stress was observed over a 20-h period. After 20-h, the media was switched 

back to media that contained phosphate to observe the time required to halt stalk elongation. 

 

RESULTS AND DISCUSSION 

     Figure 2a summarizes the overall quality of the synchronized cells collected from device 1 compared to the mixed culture 

and plate-release method, and results from our device are comparable to or exceed those from the traditional plate-release 

method. Also, synchronization was evaluated over six consecutive collections at 10-min intervals for 1 h and over four days 

(see Figure 2b-c), which is not possible with the plate-release method. The synchrony quality is reduced if the biofilm is 

cultured with M2G instead of PYE media. This difference is due to changes in the structure of the biofilm and is observed 

with the plate-release technique as well as the microfluidic device. 

 

 

Figure 2. (a) Comparison of percent swarmer cells for a mixed culture, plate-release method, and microfluidic device with 

M2G and PYE media. (b) Variation of percent swarmer cells for up to six consecutive collections at 10-min intervals from 

the plate-release method and microfluidic device. (c) Variation of percent swarmer cells collected from four devices over four 

days in M2G and PYE media. 

 

     Figure 3a-b shows fluorescence images after initial adhesion (0 h) and after 20 h. After 20 h in a phosphate-deprived 

microenvironment, average stalk length for 72 single-cell measurements was 2.9 m. To probe the response of cells to 

changes in the microenvironment, balanced-phosphate media was introduced after 20 h, and elongation of the stalks was 

observed to halt immediately (Figure 3c). Individual cells were tracked over the entire experiment to determine heterogeneity 

within the cell population.  
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Figure 3. Fluorescence images of  C. crescentus cells in phosphate-deprived media after (a) initial adhesion (0 h) and (b) 20 

h. Both images include the same cells, for which the cell body is false-colored red, and the cell stalk is false-colored green. 

(a) Immediately after adhesion, the cell stalk is short and barely visible. (b) After growing in the low phosphate media for 20 

h, the stalks have elongated. (c) Average stal k length over time calculated from 72 single cell measurements. Measurements 

were taken through 20 h in 0 M phosphate HIGG media (filled symbols). At 20 h, the media was switched to 200 M 

phosphate HIGG media to halt stalk elongation (open symbols).  

 

CONCLUSIONS 

     We have developed the first microfluidic bacterial baby machine. Specific advantages of our device over traditional 

laboratory-scale techniques include continuous cell collection over minutes, hours, and days, high-quality swarmer cell 

enrichment that can be confirmed on-chip by fluorescence cell tracking and off-chip by flow cytometry, significantly lower 

reagent consumption, and automated device operation with integrated pumps and valves. The microfluidic device was 

modified to incorporate a thin coverslip to allow high-resolution imaging over extended periods of time. With our device, we 

have measured the rate of stalk elongation under low phosphate conditions and observed that the cells rapidly respond to an 

increase in phosphate concentration and halt stalk elongation in less than 30 min. 
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ABSTRACT 

This work proposes an enhanced method for cell stiffness evaluation by eliminating the effect from cell 
viscosity. While the passing time of cell through a µ-channel is used for evaluating cell stiffness in the 
conventional method, the time includes both the effects of cell stiffness and cell viscosity. The key idea is that 
we separate the cell motion inside a µ-channel into two phases, the phases of deformation and constant 
velocity.  We evaluate the cell stiffness by focusing on the cell motion in the phase of constant velocity.  The 
results of experimental study are presented and discussed. 
 
KEYWORD 

cell stiffness, µ-channel, stiffness evaluation 
 

INTRODUCTION 
It is documented that there are human diseases associating with stiffening/softening of red blood cells [1,2].  

As a result, it is important to develop a fast and accurate method to evaluate cell stiffness for medical practices.  
There are different approaches for evaluating biomechanical properties of cells [3].  The method of 
evaluating cell stiffness by a µ-channel [4] is much faster than most of conventional methods, such as 
micropipette aspiration [5], optical tweezers [6] and atomic force microscope [7].  However, the accuracy of 
the µ-channel method is sacrificed for its high sensing speed.  In this work, we proposed a novel idea for 
improving the accuracy of the stiffness evaluation with a µ-channel.  As far as we know that this is the first 
work of eliminating viscosity effect for the cell stiffness evaluation. 

 
MODELING AND KEY IDEA 

A spring is used for modeling the cell in the conventional method, while a spring and a damper are used for 
modeling the cell in the proposed model, as shown Figure 1(a).  The spring and damper represent the 
stiffness and internal viscosity of a cell, respectively.  The cell is pushed through the μ-channel by the 
pressure difference between two sides of the channel, and it deforms in order to squeeze into the channel.  
We defined Phase I as the duration while the spring and damper both react to the deformation, as left two cells 
illustrated in the lower diagram of Figure 1(a).  After the cell fully entered the channel and reached to an 
equilibrium state, the shape of the cell becomes constant, as well as the velocity.  Hence, only the spring is 
still responding to the deformation, and we defined this duration as Phase II, as right two cells illustrated in the 
lower diagram of Figure 1(a).  According to this idea, the motion of the cell inside a µ-channel can be 
separated into two phases based on the motion profile.  Phase I is the region where the motion profile is 
nonlinear, as the red curve in Figure 1(b).  Phase II is the region where the motion profile is linear, as the 
green line in Figure 1(b).   

 

 

Figure 1:  Comparison between the conventional and proposed μ-channel methods.  (a) The cell is modeled 
with a spring in conventional method, but is modeled with a spring and a damper.  Phase I is defined as both 
the spring and damper reacting to the deformation, while only the spring is in effect in Phase II.  (b) 
Comparison between conventional methods and the proposed method. 
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In conventional μ-channel method, it is assumed the cell reaches equilibrium immediately, and moves in a 

constant velocity through the channel, as the black line illustrated in Figure 1(b).  From the comparison in 

Figure 1(b), we can clearly see the difference of equilibrium velocities between the conventional method 

(black) and the proposed method (green).  We believe that the difference is the reason for the inaccuracy of 

the conventional μ-channel method.   

 

EXPERIMENT 

The experimental setup is as shown in Figure 2(a). A microscope is equipped with a high speed vision 

system. The spatial resolution of captured image is 0.25 µm, and the temporal resolution is 1 ms. The PDMS 

µ-chips are fabricated with µ-channels inside, and the dimensions of the µ-channels are shown in Figure 2(b). 

Figure 2(c) shows a series of images of a red blood cell (RBC) passing through a channel from the experiment. 

 

 

Figure2:  (a) The experimental system; (b) The dimensions of the μ-channel; (c) A series of images of a RBC 

passing through the μ-channel 

RESULTS AND DISCUSSION 

The motion profiles of tested RBCs in the experiment are tracked by the computer and are plotted in 

Figure 3(a).  We separate each motion profile into two segments, a curve and a straight line, and plot all the 

analysis results in Figure 3(b). In Figure 3(b), the red marks represent the data points in Phase I, while the 

green marks represent the data points in Phase II.   

 

 

Figure 3:  (a) The experimental results of RBCs passing through a μ-channel; (b) The motion profiles are 

separated into Phase I (red marks) and Phase II (green marks).  

Since the RBCs are from the same subject, we assume the cell stiffness are similar.  Therefore, the 

equilibrium velocity would be smaller with a bigger-size cell because a greater resisting force caused by 

greater amount of deformation.  Figure 4 shows the comparison of size effect between the conventional 

method and the proposed method.  The y-axis indicates the time needed for the cell to move 1 μm, while the 

x-axis is the length of the compressed cell inside the μ-channel.  Figures 4(a) and 4(b) are the analysis results 

from the same set of experimental results by difference evaluation methods.   
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Figure 4(a) shows the analysis results by the conventional method, which assumes the cell moves in a 

constant velocity throughout the μ-channel.  Figure 4(b) shows the analysis results processed by the proposed 

method which only focuses on the part where the motion profile is linear.  We find that the correlation by 

using the proposed model (r = 0.66) is greater than it by the conventional model (r = 0.38).  It proves that the 

newly proposed method is more sensitive to the cell size due to the elimination of viscosity effect. 

 

 

Figure 4:  The plots of analysis results in the chart of passing time per μm v.s. the length of RBCs.  (a) The 

analysis results by the conventional method; (b) the analysis results by the proposed method. 

CONCLUSION 

In conclusion, an enhanced method for stiffness evaluation is proposed in this paper. Two phases of cell 

motion inside a µ-channel is found with significantly physical meaning. The analysis results support that the 

proposed method is more sensitive to the effect of cell size, that is, the stiffness evaluation by the proposed 

method is more reliable than the conventional one. 
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ABSTRACT 
    Live-cell imaging of inflammatory cytokine secretion from human monocytes was successfully performed on a 
microfabricated well array chip by time-resolved fluoroimmunoassay using total internal reflection fluorescence 
microscopy. Some of the lipopolysaccharide primed monocytes secreted small amounts of interleukin-1 beta (IL-1β), 
whereas the monocytes stimulated with an ATP signal secreted large amounts of IL-1β from 10% of observed cells. 
These two types of secretion patterns corresponded to the proposed models of IL-1β secretion, “rescue and redirect” 
and “terminal release”, respectively. Morphological changes in ATP-stimulated cells also indicated that the cells 
underwent necrotic cell death, also known as “pyroptosis”. 

KEYWORDS 
Cytokine secretion, single cell, inflammation, monocyte  

INTRODUCTION 
Inflammatory cytokines play a key role in the initiation 

of inflammation. However, their secretion dynamics,
especially at the single cell resolution, still remain unclear. 
This is because conventional methods cannot follow the 
real-time secretion process at the single-cell level. For 
example, although the intracellular staining/enzyme-linked 
immunospot assay can quantify inner/secreted cytokines 
from a number of single cells as a snapshot of accumulated 
amounts, time-resolved dynamics of cytokine secretion 
cannot be determined by either method. Recently, some 
researchers developed methods, which enabled quantitative 
and temporal measurement of the secretion activity at 
single-cell resolution using microfabrication technology. 
Among them, Love et al. reported measurement of secretion 
profiles from a massive number of single cells with 
microfabricated well arrays [1]. They also succeeded in 
measurement of the time course of cytokine secretion during 
T-lymphocyte maturation over several hours. However, 
their method cannot achieve real-time monitoring of 
cytokine secretion, which is required to monitor more rapid 
phenomena during pathogenic responses of macrophages/monocytes than those during effector T-cell differentiation. 

We previously developed a time-resolved fluoroimmunoassay (TR-FIA) from single cells by total internal 
reflection fluorescence (TIRF) imaging with a microfabricated well array chip [2]. This assay is based on a sandwich 
immunosorbent assay, but does not require time-consuming bound-free separation of detection probes. An 
immunocomplex consisting of capture antibody, antigen, and detection antibody on the bottom surface is observed 
by an evanescent field of excitation light (Figure 1). Therefore, the assay enables continuous monitoring of the 
secretion activity of single cells. 

EXPERIMENT 
Fabrication of microwell array chips  

Microwell array chips were made with polydimethylsiloxane (PDMS) and a microscope slide. PDMS thin 
sheets, on which a 50 × 50 array of through-holes 70 µm in diameter with 100 µm center-to-center spacing were 
fabricated, were purchased from Fluidware Technologies Inc. (Saitama, Japan). The PDMS sheet and glass slide 
were air plasma treated (SEDE-PFA, Meiwafosis Co., Tokyo, Japan). They were immediately placed in the presence 
of methanol to eliminate distortion and were bound permanently at 130°C for 3 hours. Bare glass surfaces of the 
bottom of the wells were aminated with VECATBOND Reagent (SP-1800, Vector Laboratories Inc., Burlingame, 
CA) and set onto a cell chamber (Attofluor cell chamber, A7819, Life Technologies) with another PDMS block 
(Sylgard184, Dow Corning Toray Co., Ltd., Tokyo, Japan) that had a through-hole 8 mm diameter to make a tiny 
volume of cell reservoir (Figure 2). Capture antibodies for IL-1β were immobilized on aminated bottom glass of the 

Figure 1: Scheme of observation of cytokine 
secretion by TR-FIA using TIRF imaging.
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wells via dimethyl pimelimidate in 0.1 M 
triethanolamine (pH 8.0) for 1 hour at 
room temperature. The surface was 
blocked with monoethanolamine (0.1 M, 
pH 8.2) and 0.2% wt Lipidure® reagent 
(NOF Co., Tokyo, Japan) and stored at 
4°C until use. 

 
Cell culture 

Peripheral blood mononuclear cells 
were obtained from peripheral blood of 
healthy volunteers with Lymphoprep 
(Axis-Shield, Oslo, Norway) according to 
a standard protocol from the manufacturer. 
CD14+ monocytes were purified by MACS (Miltenyi Biotec) with a negative selection reagent, Monocyte Isolation 
Kit  2, and a positive selection reagent, CD14 MicroBeads, sequentially.  
 
Preparation of detection regents 
Detection antibody labeled with biotin was conjugated with Qdot®705 labeled streptavidin (Q10161MP, Life 
Technologies) in a 3 to 1 molar ratio at room temperature, and light shielded for 3 hours. Unoccupied sites on 
streptavidin were blocked with an excess amount of dPEG4-biotin acid (10199, Quanta BioDesign, Ltd., Powell, 
OH). Unconjugated dPEG4-biotin was removed by ultrafiltration (Amicon Ultra-0.5, Merck Millipore, Billerica, 
MA). Detection antibody labeled with Qdot705 and albumin solution from bovine serum were added to the culture 
medium at a final concentration of 30 nM and 2.5% w/v, respectively. Lipopolysaccharide (LPS) was added to the 
detection reagent at 1 µg/mL. ATP was added to the detection reagent at 5 mM. 
 
Optical set up 

TIRF microscopy was performed on an automated inverted microscope (Eclipse Ti-E, Nikon, Japan) with a 
perfect focusing system with a 60× oil immersion objective (Apo TIRF, 60×, NA= 1.49). An excitation laser with a 
wavelength of 532 nm was reflected with a home-made incident angle controller and introduced into the microscope.  
 
 
RESULTS AND DISCUSSION 

We applied our system to observe IL-1β secretion from human 
monocytes. IL-1β protein is produced in the cytosol, on priming 
stimulation via Toll-like receptors or interleukin-1 receptor. It is 
unclear how IL-1β is secreted into the extracellular space because the 
molecule has no signal to be incorporated in the typical protein 
secretion pathway. Various features of IL-1β secretion have been 
reported in many studies conducted with bulk cell cultures placed 
under conditions where IL-1β is released into the culture supernatants. 
However, there is no consensus on the mechanism for IL-1β secretion 
because previous study results are conflicting. Therefore, four 
hypotheses for the mechanism of IL-1β secretion have been proposed, 
which are categorized along with the types of stimuli [3]. For 
example, Figure 3 shows two of the four proposed mechanisms of 
secretion. One mechanism of secreting IL-1β after weak stimulation 
is called “rescue and redirect”, in which IL-1β molecules in the 
cytosol are enveloped by autophagosomes and released after the 
fusion of the autophagosomes and the plasma membrane. Another 
mechanism, “terminal release”, is thought to occur after intense 
stimulation in which IL-1β molecules leak via through-holes on the 
plasma membrane, which is usually associated with cell death called 
“pyroptosis”. These mechanisms appear to explain how IL-1β travels to 
the extracellular space from the cytosol beyond the lipid bilayer barrier. 
However, it is unknown how such key events between the cytosol and the extracellular space actually occur prior to 
IL-1β secretion because of a lack of technology for time course imaging of secretion in single-cell resolution. Our 
system, which enables monitoring of the time course of cytokine secretion, proposes a solution to address the issue 
of IL-1β secretion. 

In the current study, we attempted to compare the secretion patterns of LPS-activated human monocytes with or 
without additional ATP stimulation for the first time. ATP is a well-known inducer for “terminal release” of IL-1β, 
which induces potassium efflux and subsequently induces NLRP3 inflammasome formation. We simultaneously 

Figure 3: Proposed mechanism of IL-1β 
secretion. 

Figure 2: Schema and photograph of the microwell array chip 
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observed diascopic illumination (DIA) images to confirm the location and viability of each cell. Time-lapsed images 
were taken in more than 1,000 wells every 25 minutes. Under the stimulation of LPS only, a few percent of cells 
secreted IL-1β at only low levels. Weak signals of IL-1β were observed just beneath the cells (Figure 4), which 
suggested that IL-1β molecules released by one emission were limited to a small amount. DIA movies showed that 
all the cells, including IL-1β secreting cells, moved around vigorously. However, from 20 min after ATP stimulation, 
approximately 10% of the cells secreted IL-1β at extremely high levels. According to the DIA images, every 
monocyte exhibiting a strong IL-1β signal changed their morphology to an expanded shape (Figure 5), which 
suggested that they were dying with loss of membrane integrity, as seen in pyroptotic cells.  

 
 

CONCLUSION 
We demonstrated secretion activity from single cells in a time-dependent manner. We were able to directly monitor 
the secretion of IL-1β and simultaneously observe the time course in the morphology of cells for the first time. 
Using our system, we demonstrated that different types of stimuli actually lead to different types of IL-1β secretion. 
This system can be expanded by introducing other colors of probes representing other information of cell events, i.e., 
membrane permeability, caspase-1 activity or apoptosis, which are likely to provide more detail regarding the effect 
of external stimuli administration on IL-1β secretion. 
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Figure 4: Observation of “rescue and redirect” 
of IL-1β. These micrographs show time course 
images of three monocytes. Two of the monocytes 
(upper) are weakly secreting IL-1β just beneath 
them. The lower panels show a nonsecreting cell. 
The yellow outlines show an individual cell, 
which is expanding on the bottom. The yellow 
arrows show the secreted position of IL-1β. 

Figure 5: Observation of “terminal release” of 
IL-1β. These micrographs show the time course 
images of two monocytes. The yellow outlines 
show an individual cell. Nuclear condensation 
can be observed on the DIA image, unlike Figure 
4. IL-1β signals of “terminal release” were 
stronger and more extensive than “rescue and 
redirect”. 
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ABSTRACT 
  We developed a gradient generator of multiple chemicals using self-assembled particles in microchannels. The 
porous membranes based on the assembled particles allow the stable gradient generation without any convection 
flow disturbance and leakage. Moreover, they are more robust in dry environment and have long-term storage 
potential compared to hydrogel based membranes. Dynamic spatial control and the parallel preferential chemotaxis 
assay of salmonella typhimurium were successfully demonstrated. Our proposed devices are expected to be utilized 
for mimicking the real microenvironment for cells and various drug screening.  
 
KEYWORDS 
Multiple chemical concentration gradients, In-situ formed membrane, nano-assembly, bacteria, and chemotaxis 
 
INTRODUCTION 

This paper reports a microfluidic platform for stable generation of multiple chemical gradients using in-situ 
formed nanoporous membranes and describes the control of chemotactic response of bacteria with the proposed 
system. Many types of devices have been developed for chemotaxis study [1, 2], and among them, diffusion based 
devices have several advantages, such as, enabling mimicking in-vivo environment and generating stable, viscous 
shear stress-free chemical gradients. The conventional diffusion based devices can make a one-directional chemical 
gradient in the cell chamber only [2]. However, cells are exposed to various attractants and stimulants, and therefore, 
it is needed to study under similar environments. Here, we propose the microfluidic device for multiple chemical 
gradients and show its potential by monitoring motion of GFP-strained bacteria. 

 
EXPERIMENT 

 
Figure 1. Schematic views of the principle idea.  

 
Figure 1 shows the schematic view of principle idea. There exist source channels to supply the molecules to the 

center chamber and on the right opposite side, there are sink channels to remove the same quantities of molecules in 
the center chamber. Moreover, the center chamber is fully separated from source and sink channel by the diffusible 
porous membrane which is formed by nano-interstices of self-assembled polystyrene particles. Therefore, if the 
100 % and 0 % of concentration is introduced by withdrawing the flow at source and sink channel, respectively, 
stable chemical gradients can be preserved in the center chamber without any external flow disturbance. 

 

 
Figure 2. Schematic illustration of the fabrication process 
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Figure 2 shows the fabrication process for the in situ formation of porous membranes using the self-assembly of 
particles within the PDMS channel: (a) The PDMS device with shallow and deep channels was fabricated as 
described above. (b) Diluted nanospheres (300 nm) were introduced into the deep-channels by capillary pressure. (c) 
The diluted nanospheres at the intersection between shallow and deep channel experience a sudden pressure drop 
(ΔP12), which tries to drag the solution in the deep channel into the shallow channel (Fshallow). (d, e) In the designed 
horn-shaped channel, since more evaporation and capillary pressure were induced at the narrow opening, all particles 
were moved toward the narrow opening. However, the diluted nanospheres could not move forward at the interface 
between the narrow opening and the expansion channel (center chamber)  because the capillary stop pressure was 
maximized at the expansion angle β around 90°. (f) During the solution was dried out, microspheres were 
self-assembled, unidirectionally and nanopores were formed from nano-interstices in these closed-packed 
nanoparticles, only within the shallow channel. (g) Finally, we annealed the self-assembled particles for 1 h at 90°C. 

 

 
Figure 3. Generation of gradients at different directions and its corresponding plots (scale bar: 200 μm) 

 
The generation of concentration gradients at different directions was visualized using fluorescence dye (FITC, MW 
389, diffusivity: 0.49 × 10-9 m2/s) and its corresponding plots are shown in Figure 3. 
 

 
 

Figure 4. Device demonstration by sequentially introducing the chemo-attractants and observing the movement of 
bacteria depending on the direction of chemical gradients (scale bars: 100 μm) 

 

 
Figure 5. Cell density sequentially changes according to the chemical gradients. 
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The movement control of bacteria was demonstrated by sequentially introducing the chemo-attractants in every 
15 min and observing the movement depending on the direction of chemical gradients (Figure 4). The cell density 
increased toward the high chemical gradient and figure 5 depicts the corresponding polar plots. 

 

 
Figure 6: Polar plots when three different chemo-attractants were introduced 

 
The experiment for the preferential chemotaxis of bacteria toward three different chemo-attractants was 

demonstrated (Figure 6). The same molarity of aspartic acid, galactose and ribose were introduced from different 
channels and, after 50 min, more bacteria migrated toward the 90˚ as depicted in Figure 6 because their 

chemoreceptors seem more sensitive to the aspartic acid.  
We believe that proposed system can be a useful tool for parallel and rapid characterization of bacterial responses 

to various chemical sources, screening of bacterial cells, synthetic biology, and understanding many cellular 
activities. 
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ABSTRACT 
    This paper reports a three dimensional circulatory cell perfusion-culture system with difference medium by 
using proportional cell contact. The system was consisted of two dimensional cell contact chambers and three 
dimensional cell loading chambers.  For cell contact chambers, we used dielectrophoresis pattern method to make 
three difference contact area for difference proportional communication of HMEC-1 cells and 3T3 cells. For cell 
loading chambers, we used the PDMS-based micropillars to mimic three dimension lobule-mimetic structures in 
vitro. Finally, we showed liver functional albumin testing. The albumin secretion of liver pattern chambers with 
HMEC-1 and 3T3 co-culture communication was 64.8% higher than the albumin secretion of liver chip without cells 
communication. 
 
KEYWORDS 
3D cell culture, perfusion-culture, cell contact, HepG2, cell-cell interaction. 

 
INTRODUCTION 

In recent research, the bulk of the lobule consists of hepatocytes which are arranged into hepatic cords that are 
separated by sinusoid spaces [1]. On the other hand, photopolymerizable PEG-DA hydrogels integrated with 
dielectrophoresis (DEP) has been utilized to trap cells to form 3D structures [2]. By the way, a 3D cell 
perfusion-culture in microfluidic system microenvironment is used in 3D cell-matrix interaction via a microfluidic 
channel based system [3]. An artificial liver sinusoid with a silicon-based endothelial-like barrier capable of 
transporting mass is reported [4].Therefore, the re-establishment of 3D cell pattern is important for the 3D cell 
culture in vitro. However, complex cell co-culture was not easy in vitro. In this paper, we have developed the cell 
communication base on cell contact by DEP and artificial lobule pattern by the PDMS-based micropillars. HepG2 
cells were loading with three dimensional PDMS-based microstructures for artificial lobule pattern. 

 
METHODS 

We had designed a liver cell-to-cell communication circulatory perfusion-culture system chip for three dimension 
hepatocyte culture as showed in figure 1 (a). It consisted of cell contact chamber and cell loading chamber. For cell 
contact, we used positive DEP method to pattern HMEC-1(green cells) and the 3T3 (red cells) were seeded into the 
chambers in figure 1 (b). It is to make difference contact area. For cell loading, we used the soft lithography process 
to form the PDMS-based micropillars to mimic three dimension lobule-mimetic structures in vitro. The HepG2 was 
loaded by the micropillars from the center and the direction of the medium was pushed by the red arrowhead in 
figure 1 (c). 

In figure 2 (a), we showed difference proportional electrode pattern to make difference cell-to-cell contact ration 
for cell communication. For example, condition 1 is 300um×300um area, condition 2 is 200um×300um area, and 
condition 3 is 100um × 300um area. The black area in figure 2 is electrode pattern. The white area is the HMEC-1 
cells concentrated area. Schematic diagram in figure 2 (b) is operation principles of cell contact patterning. 
Uniformly distributed HMEC-1 cells were loaded into the chamber. The HMEC-1 cells were attracted and positioned 
via the DEP patterning electrodes. The 3T3 cells were seeded. 

 

 
Figure 1.(a) A liver cell-to-cell communication circulatory perfusion-culture system for three dimension 

hepatocyte culture. It consisted of cell contact chamber and cell loading chamber. (b)For cell contact, we used 
positive DEP method to pattern HMEC-1(green cell) and the 3T3 (red cell) was seeded. It is to make difference 
contact area. (c)For cell loading, we used the soft lithography process to form the PDMS-based micropillars to 
mimic three dimension lobule-mimetic structures in vitro. The HepG2 was loaded from the center and the direction 
of the medium was pushed. 

(a) (b) (c) 
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Figure 2. (a)We have designed difference pattern of the electrode to make difference cell to cell contact ration for 
cell communication. The black area in this figure is electrode. The white area is the HMEC-1 cells concentrated 
area. (b)Uniformly distributed HMEC-1 cells were loaded into the chamber. The HMEC-1 cells were attracted and 
positioned via the DEP patterning electrodes. The 3T3 cells were seeded. 

 
RESULTS 

In our experiment, the contact area is depending on the long size of the pattern of the HMEC-1 cells. The 
chamber in the most contact area is 100um×300um which enhance the best liver albumin testing. HMEC-1 cell were 
attracted on the white area as shown in this figure3 (a) by the 1MHz, 10V. The scale bar is 100um. In this condition, 
we also used the flow rate by 0.5 microliter per one minute. In figure 3(b), these photos are showed the on-chip 
cell-patterning result of HMEC-1 cells and 3T3 cells in 300um×300um area case. Figure 4 (a) is showed the 
schematic diagram of the operation principle of cell loading chamber. These outlets of cell contact chambers were 
sealed. Additionally, we show the photo is the SEM photo of the SU-8 mold in Figure 4 (b). This photo was showed 
the result of the HepG2 loading by the micropillars as showed in figure 4(c). 

Finally, we show the result in liver albumin experiment result on the third day in figure 5. The condition setup is 
the albumin secretion of liver pattern chamber with HMEC-1 and 3T3 co-culture communication and the control 
setup is the albumin secretion of liver chip without cells communication. The condition setup was 64.8% higher than 
the control setup. 

 

 

 
Figure 3. HMEC-1 cell were attracted on the white area as shown in this fluorescent photon. The scale bar is 

100um. These photos are showed the on-chip cell-patterning result of HMEC-1 cells (green) and 3T3 cells (red) in 
300um×300um area case.  
 

(a) 

(a) 

(b) 

(b) 
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Figure 5.  (a) Schematic diagram is the operation principle of cell loading chamber. (b)We showed the photo is the 
SEM photo of the SU-8 mold. (c) This photo was showed the result of the HepG2 loading. 

 
 

 
Figure 6.  In liver albumin experiment result on the third day, the albumin secretion of liver pattern chamber with 
HMEC-1 and 3T3 co-culture communication  (condition setup) was 64.8% higher than the albumin secretion of 
liver chip without cells communication (control setup). 

 
CONCLUSION 

We have demonstrated a complex three dimensional cell culture chip. In this chip, we have discussed the effect 
of the medium on the HepG2 cells by the difference proportional HMEC-1 and 3T3 cells contact for the study of 
liver cells culture. 
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ABSTRACT 
We report a 3D biomimetic microsystem which mimics lung microenvironment for monitoring the role of chemokine 

induced lung inflammation. The extravasation of fibrocytes in response to eosinophil cationic protein (ECP)-stimulated 
bronchial epithelial cells induced lung inflammation was mimicked on the micro-fluidic chip system for monitoring the 
microenvironmental changes.   

KEYWORDS 
Bronchial asthma, biomimetics, microfluidic chip, eosinophil cationic protein, fibrocytes 
 

INTRODUCTION 
Inflammatory processes related to lung involve multiple factors which may lead to pulmonary fibrosis and lung 

scarring. Asthma causes subepithelial fibrosis in the airway, where the inflammation process is induced by human 

eosinophil cationic protein (hECP) [1]. It is observed that circulating cells (i.e., the fibrocytes) play a major role in the 
evolution of pulmonary fibrosis where the fibrocytes are induced by increased expression of certain cytokines as illustrated 
in Fig. 1 [2].  

 
Figure 1. (A) Predicted mechanism of cytokine induced pulmonary fibrosis (B) The role of CXCL12-CXCR4 pathway in 

fibrocyte extravasation contributing to pulmonary fibrosis. 
Due to development of novel microfabrication and microfluidic technology, recently it has been possible to mimic 

organ level function on microchips for studying the effect of inflammatory cytokines [3].  
 

 
Figure 2. (A) Porous silicon membrane is sandwiched between two PDMS micro channels. The upper layer represents 
blood capillary whereas the bottom layer represents airway. (B) Chip staged on a chip holder with inlet and outlet. 

 In this paper, we report a two step 3D microfluidic chip which mimics bronchial epithelial lining for studying 
chemokine induced expression of cytokine, leading to extravasation of fibrocytes. Microfluidic chip is fabricated by 
sandwiching a micropore array silicon chip between two polydimethylsiloxane (PDMS) channels as elucidated in Fig. 2. 
The silicon chip was fabricated by etching 5 m x 5 m size holes. The upper channel represented blood circulatory system.
In the lower compartment, the micropores were coated with fibronectin to enhance the adhesion of bronchial epithelial 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1021



Beas-2B cells and further culture, therefore mimicking bronchial environment.  
 

EXPERIMENT 
Beas-2B cells were cultured for 2 days in the lower channel (Fig. 3A) and stimulated with ECP separately for 12 h 

and 24 h (Fig. 3B) in a continuous flow system. As illustrated in Fig. 3D, fibrocytes were injected in the upper channel 
and after 2 h the extravasation behavior was assessed for treatment with ECP (Fig. 3E). The result demonstrated that in 
vitro extravasation behavior of fibrocytes mimicked in vivo lung inflammation. 

 
Figure 3. Experimental process for studying fibrocyte extravsation on PDMS & silicon based chip  

(A) Cell loading and culture (B) Treat with ECP (C) Release of cytokine (D) Load fibrocytes 
(E) Fibrocyte extravasation 

In this study, we employed enzyme-linked immunosorbent assay (ELISA) to determine variations in protein 
expression of cytokines in Beas-2B cells upon stimulation with ECP. Fig. 4 showed that there was considerable 
difference in expression of CXCL12 when stimulated by ECP for 12 h and 24 h.  

 
Figure 4. ECP effect on protein expression of CXCL-12 (**p<0.05, ***p<0.001) 

Upon treatment with ECP, fibrocytes were recruited towards Beas-2B cells in the microfluidic lab on chip system. 
After extravasation of fibrocytes, the chip was flipped to take bright field and fluorescence images.  

 
 

 
Figure 5. Fibrocyte adhesion and extravasation with cultured Beas-2B cells for 12 h and 24 h in the presence 

of serum free medium as control and 5 M ECP. 
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As observed in Fig. 5B and 5D, fibrocytes migrated to the bottom channel in response to the cytokine i.e. CXCL12 

released by Beas-2B cells. The migrated fibrocytes were counted upon treatment with ECP for 12 h and 24 h. Fig. 6 
showed that ECP was responsible for recruiting the fibrocytes toward Beas-2B cells, leading to inflammation. 

ECP plays a critical role in pulmonary fibrosis and is highly involved in acute inflammation in Beas-2B cells. This 3D 
biomimetic microfluidic system proves a better tool for investigating molecular mechanisms of inflammatory process.  

 
Figure 6.  Number of fibrocytes migrated per microscopic field at 5 M ECP concentration 

(*p<0.01, ***p<0.001) 
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ABSTRACT 

This paper describes a flexible microelectrode combined with a neuronal spheroid (neurospheroid) 
cultured on the electrode tip. Prior works have found that neurons of a neurospheroid can extend their axons to form 
synaptic connections with neurons inside living neuronal tissues, that could enable such tissues to be stimulated via 
transplanted neurons (i.e., instead of through the insertion of invasive probes). Here we present a parylene-based 
flexible microelectrode that enables activation of neurospheroid cultured on the electrode. Experiments revealed that 
our probe successfully activated neurons within neurospheroids, resulting in neurite extension onto the electrode. 
These results mark an important step toward achieving minimally-invasive cortical microstimulation via 
neurospheroid-based probing systems. 
 
KEYWORDS 
Neurospheroid, neural probe, electrode, microstimulation, parylene  

 
INTRODUCTION 

Electrical stimulation of the central nervous 
system offers a powerful method for treating 
diverse neurological disorders [1]. For example, 
stimulation of the basal ganglia can be remarkably 
effective in restoring motor function to Parkinson’s 
patients [2, 3]. Additionally, cortical 
microstimulation via microampere pulses to 
different regions of the cochlea has enabled hearing 
restoration in deaf patients [4, 5]. Silicon-based 
solid electrodes connected with implantable pulse 
generators are commonly used for such brain 
stimulation treatments [6, 7]; however, these 
conventional electrode and brain stimulation 
systems are inflexible and rigid. Consequently, 
surgical implantation typically leads to damage of 
the complex neuronal network. Recently, we 
presented a glass-based neural probe equipped with 
a neurospheroid cultured on the electrode tip [8].  
Micromotion is the relative movement between the 
implant electrode and the tissue. Brain pulsations 
can be attributed to changes in intracranial pressure 
due to breathing and cardiac pulse. For the neural 
probe that is tethered to the skull, micromotion can 
also result from relative movement between the 
skull and brain. Unfortunately, the large mismatch 
in stiffness between the glass-based neural probe 
and the brain tissue can contribute to shear-induced 
inflammation at the implant site.   

To minimize this issue, here we introduce a 
flexible, parylene-based biocompatible neural 
probe (Figure 1). In this paper, we demonstrated 
our microelectrode by activating a neurospheroid 
cultured on the electrode tip via electrical 
stimulation.  
 
EXPERIMENTAL 

Figure 2 shows the fabrication process for the 
flexible microelectrode. Initially, we evaporated a 
20 μm thick parylene film onto a glass substrate. A 
400 nm thick layer of gold was deposited and 
patterned with aqua regia to form a pair of electrodes (Figure 2(A) and (B)). We spincoated a 100 μm thick layer of 

Figure 1. Conceptual illustration of the flexible 
microelectrode equipped with a neurospheroid cultured on 
the electrode tip. Our goal is stimulation of the neural 
tissue through a cultured neurospheroid on the electrode. 
In this work, we focus on the fabrication of the flexible 
microelectrode equipped with a cultured neurospheroid on 
the electrode tip. We can stimulate the tissue without 
inserting a solid needle through the neurospheroid cultured 
on the flexible electrode. 

Figure 2. Schematic diagrams of the fabrication process 
(the reference cross-section is shown in the lef-side 
illustration). (A)-(D) We fabricated the microelectrode via 
standard photolithography and microfabrication processes. 
Because the substrate of the microelectrode is a parylene 
film, the microelectrode can be peeled off from the glass 
plate. 

Electrode Tip 
Cross-sectional view 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1024



SU-8 photoresist onto the surface of the electrode. 
The resist was exposed to UV through a photomask 
and developed using SU-8 developer to form an 
insulating layer and to make a microchamber at the 
tip (Figure 2(C)). Finally, we peeled off the 
microelectrode from the glass substrate (Figure 
2(D)).  

Formation of cortical neurospheroids using a 
polydimethylsiloxane (PDMS) microchamber array 
has been reported previously [8,9]. Briefly, to form 
uniform-sized cortical neurospheroids, the cerebral 
cortices of Wistar rats (E16-19) were dissected and 
dissociated with 0.15 U/ml papain. The resultant cell 
suspension was seeded at a density of 4 × 106 cells/ml 
on the PDMS microchamber array to form 
neurospheroids in the microchambers (Figure 3). The 
diameter of each neurospheroid was approximately 
150 μm (i.e., due to the 150 μm diameter of each 
PDMS microchamber).  

 
RESULTS AND DISCUSSION 

The fabricated electrode had a microchamber for 
neurospheroid culture on the microelectrode tip 
(Figure 4(A) and (B)). Because the fabricated 
electrode is parylene-based, it can be easily bent due 
to its flexibility (Figure 4(C)). The impedance of the 
microelectrode was about 600 kohm at 1 kHz. The 
relative flexibility of the fabricated microelectrode is 
advantageous for practical applications, such as 
transplantation. 

We performed calcium imaging analysis of the 
neurospheroid response to 100 μM ATP stimulation to 
confirm the neuronal activity of the neurospheroid,  
(Figure 5). The neurospheroid was loaded with 3 μM 
Fluo-8/AM for 30 min and observed. This experiment 
was conducted under the condition of physiological 
concentrations (〜1 mM) of Mg2+, which prevents 
neurons from producing spontaneous oscillations. The 
trace represents the activation of a neurospheroid due 
to the ATP stimulation. We found that the formed 
neurospheroid has neuronal activity. 

Using the functional neurospheroid, we tested the 
biocompatibility of the electrode by culturing 
neurospheroid on the electrode tip. After 3 days of 
culture in the PDMS microchamber, a neurospheroid 
was taken from the chamber by gentle pipetting and 
then loaded into a microchamber on the electrode tip. 

he electrode tip. As culture periods increased, the 
neurospheroid was still confined to the microchamber 
on the electrode tip and extended their neurites on the 
surface of the electrode (Figure 6(A-D)).  

After 7 days of culture, the neurons and glial cells 
were determined by immunocytochemical staining for 
microtubule-associated protein 2 (MAP2) and glial 
fibrillary acidic protein (GFAP). We observed the cells 
using a confocal laser microscope (Figure 6(E)). The 
distributions of the two cell-type-specific proteins 
were indicated. We found that the neurites of the 
neurospheroid extended over the microchamber on the 
electrode tip. 

We finally checked the activation of the neurons in 
the neurospheroid on the electrode tip by electrical 
stimulation through the pair of gold electrodes (Figure 

Figure 5. Ca2+ response of neurospheroid to ATP 
stimulation. Pseudocolor images of changes in fluo8 
before and after 100 μM ATP stimulation. The bottom 
trace demonstrates the Ca2+ change in a red circle. An 
arrow indicates the timing of 100 μM ATP application. 

Figure 4. (A) Photograph of the microelectrode. (B) 
Scanning electron microscope (SEM) image of the 
microelectrode tip. (C) Photograph showing the 
flexibility of the fabricated electrode. 

Figure 3. Conceptual illustrations and photographs of 
the method to form neurospheroids. Cortical cells were 
seeded on a microchamber array (top). The diameter of 
each microchamber was 150 μm. After 3 days of culture, 
neuronspheroids were formed in the chambers (bottom). 
 

 1025



7). The observed increase in calcium demonstrates 
that the neurons of the neurospheroid can be 
activated via electrical stimulation using the flexible 
parylene-based microelectrode. 

 
CONCLUSION 

We have fabricated a flexible, parylene-based 
biocompatible neural probe, and observed neurites 
extension for a neurospheroid cultured on the 
microelectrode. Electrical stimulation experiment 
demonstrated the activation of the neurospheroid 
cultured on the microelectrode tip via electrical 
stimulation. These results suggest that the 
neurospheroid cultured on the microelectrode has the 
potential capability of enabling ahe neurites 
extension and synapse formation with neurons in the 
living neuronal tissue. Our electrode may also offer a 
platform for stimulating living neuronal tissues by 
activation of the neurospheroid. 
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Figure 6. (A) Illustration of the cross-sectional view of neurospheroid cultured on the electrode tip after 7 days of 
culture. (B-D) Growth of the neurospheroid cultured on the electrode tip. Neurite extension of the neurons 
increased over time. (E) Fluorescence image of the neurospheroid onto the electrode tip. Neurites were extended 
over the microchamber on the electrode tip. 
 

Figure 7. Activation of a neurospheroid by electrical 
stimulation using the parylene-based flexible 
microelectrode. Pseudocolor images indicate changes in 
fluo8 before and after electrical stimulation. The trace 
demonstrates the Ca2+ responses of cells in a red circle. 
Arrows indicate the timing of electrical stimulations 
(50Hz, ±2V, block wave). 
 

Electrode Tip 
Cross-sectional view 

 1026



Figure 1. Schematics of the microfluidic device. (a) Microscopic view and schematics of the microfluidic device. Micro-
fluidic device consists of microchannels and reaction chamber. Microchannels are 10 µm in height, and 8, 12, 16 and 
20 µm in width. (b) Schematics of pollen tubes entering the microchannels. (c) A pollen tube entering an 8 µm width 
microchannel. (d) A pollen tube elongation in a 12 µm width microchannel. (e) Pollen tubes entering the reaction 
chamber.

PLANT-ON-A-CHIP MICROFLUIDIC-SYSTEM FOR QUANTITATIVE
ANALYSIS OF POLLEN TUBE GUIDANCE BY SIGNALING MOLECULE:

TOWARDS CELL-TO-CELL COMMUNICATION STUDY 
Mitsuhiro Horade, Yoko Mizuta, Noritada Kaji, Tetsuya Higashiyama, and Hideyuki Arata*

JST-ERATO/Graduate School of Science, Nagoya University, Japan 

ABSTRACT
This paper reports the first observation and quantitative analysis of single cell pollen tube guidance by the 

signaling molecule realized on the microfluidic device. Design and dimensions of the microfluidic device were 
optimized for handling individual pollen tube of Torenia Fournieri. Concentration of LURE peptide, the signaling 
molecule for pollen tube guidance, in the reaction chamber was proved to have appropriate gradient for the guid-
ance. Finally, pollen tube guidance by LURE peptide was successfully observed and analyzed under quantitative-
ly controlled conditions. 

KEYWORDS
Plant-on-a-chip, Pollen tube guidance, Cell-cell communication, Microfluidics, PDMS 

INTRODUCTION
Various elements involved in plant reproduction have been identified so far, and led us to deep understandings of their 

mechanisms. Recently, various secreted peptides (polypeptides) have been reported to be involved in cell–cell communica-
tion of pollen–pistil interactions [1]. For example, defensin-like polypeptide LUREs were proved to be the pollen tube at-
tractants secreted from synergid cells [2]. However, quantitative studies in communication mechanisms between pollen tube 
and pistil has not been enough studied. This is mainly due to the difficulties in quantitative analysis of pollen tube elongation;
pollen tubes disorderly elongate on conventional agarose gel medium [3]. Microfluidic device is one of the attractive candi-
dates for the future platform of their physiological study since it allows not only precise handling and quantitative analysis in
pollen tube itself but also in signaling molecules. Pollen tube guidance in plant reproduction was studied by microsystem-
based assay, however, handling and observation of individual pollen tubes have not yet be achieved [4]. Thus, we developed 
our own microfluidic-system to handle individual pollen tubes to realize quantitative analysis of single pollen tube behavior. 
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Table 1. Channel width dependent number of pol-
len tube entering a microchannel. 

Channel  width Number of pollen tube 
<6 µm No entry 

6-12 µm 1 
>12 µm >2 

 

EXPERIMENTAL 
The poly-dimethylsiloxane (PDMS) microfluidic device consists of microchannels, which isolate and parallelize indi-

vidual pollen tubes, and a reaction chamber in which pollen tubes interfere with signaling molecules (Figure 1 (a) (b)). Mi-
crochannels are 10 µm in height, 500 µm in length, and 8, 12, 16 and 20 µm in width. Style inlet, LURE inlet and buffer inlet 
of 1.5 mm in diameter were developed by punching out the PDMS sheet manually. The distance between the center of style 
inlet and microchannels is 2 mm. The reaction chamber is 100 µm in width and 900 µm in length.  

To confirm that the signaling molecules, supplied from the LURE inlet, can remain appropriate concentration gradient in 
the reaction chamber, time dependence concentration gradients in the reaction chamber was theoretically estimated by Finite 
Element Method using a commercial soft-ware (Coventor). Diffusion coefficient was set to 100 µm2/s, which is the coeffi-
cient for 10 kDa molecule, approximately the same size than LURE peptide. 1 nM molecule was continuously supplied from 
the LURE inlet in diffusion dominant condition. Diffusion is the dominant transport mechanism and convection can be con-
sidered minimal. Therefore, convection was not considered in the simulation. Supplied molecule was assumed to keep 
steady-state concentration in the LURE inlet. Diffusion of molecule was assumed to take place in an infinite medium from 
style inlet and buffer inlet. 

Experimental protocols were as follows. First, a microfabricated PDMS sheet was placed on the middle of a glass-
bottom dish. Second, after degassing the device in a vacuum chamber at 10 kPa for at least 40 minutes, 20 µL of liquid medi-
um was injected from the style inlet to fill all the channels by self-stand pumping mechanism of PDMS microchannel device 
[5]. Third, a pollinated style (pistil) of Torenia Fournieri, cut into 2 cm length, was set in the style inlet of the device. Fourth, 
six hours after a pollinated style of Torenia Fournieri was set into the style inlet, 1 nM LURE peptide contained buffer was 
supplied to the LURE inlet. Finally, four hours after LURE peptide was supplied, when pollen tubes pass through the micro-
channels and about to reach the reaction chamber, behavior of pollen tubes  guided by LURE peptides was observed by the 
bright field microscopy. 
 
RESULTS AND DISCUSSION 

Pollen tubes were individually isolated, passed through the mi-
crochannel and  reached the reaction chamber (Figure 1 (c) (d) (e)). 
Multiple pollen tubes could enter a microchannel of more than 12 
m in width. On the other hand, even a single pollen tube could not 
enter a microchannel of  less than 6 m width. Channel size depend-
ency of pollen tube behavior showed that the appropriate channel 
width for single tube isolation is 6~12 µm with the height of 10 µm 
(Table 1).  

Simulation results showed that the concentra-
tion of LURE peptide in the reaction chamber 
forms linear gradient and keeps enough gradient at 
least for six hours (Figure 2). When 1 nM LURE 
peptide was added from the LURE inlet, the con-
centration of LURE forms linear gradient from 0.66 
nM to 0.23 nM in the reaction chamber. Since pref-
erable concentration of LURE peptides for pollen 
tube guidance is known to be between 4 nM and 40 
pM [6], this condition also meets the optimal range 
in concentration.  

The pollen tubes were successfully guided to 
the direction of higher LURE concentration in the 
reaction chamber. Figure 3 shows snapshots of an 
elongating pollen tube, which passed through 8 m 
width microchannel, in the reaction chamber to-
wards the direction of higher LURE concentration. 
For statistical analysis, three domains in the reac-
tion chamber were defined as follows (Figure 4). A 
right domain out of the 15 degrees line from exit of 
microchannel was defined as “Right”, a left domain 
out of the 15 degrees line as “Left”, and a domain 
in between the two as “Middle”. LURE peptides 
were supplied from “Right” direction in the reaction 
chamber. The statistical analysis showed significant 

 
Figure 2. Distribution of LURE peptide in the reaction chamber 
one to six hours after the injection of LURE contained buffer. 
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difference between the “Right” domain and the 
“Left” domain for the number of pollen tubes went 
towards (Figure 4). On the other hand, significant 
difference could not be found when the experiment 
was repeated without supplying LURE peptides; 
pollen tubes elongated to three domains in random 
order. Thus, this system realized real-time observa-
tion of pollen tube guidance in single cell level in 
quantitatively controlled conditions. 
 
CONCLUSIONS AND OUTLOOK 

Design and dimensions of the microfluidic de-
vice were optimized for handling individual pollen 
tube of Torenia Fournieri. The appropriate channel 
width for single tube isolation was 8~12 µm with 
the height of 10 µm. Theoretical estimation showed 
that the concentration of LURE in the reaction 
chamber forms linear gradient enough for pollen 
tube guidance at least for six hours. The pollen 
tubes were successfully guided to the direction of 
higher LURE concentration in the reaction chamber 
which is the first observation of plant cell response 
to signaling molecule with quantitatively controlled 
conditions.  

This on-chip observation of interaction be-
tween pollen tube, which is a single cell, and signal-
ing molecules might be the pioneering work for fu-
ture plant-on-a-chip study. Further quantitative 
study might elucidate important knowledge for un-
derstanding cell-to-cell communication, one of the 
most important topics in the next generation of biol-
ogy. 
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Figure 4. Statistics of the pollen tube guidance. Elongation direc-
tion showed prominent tendency towards high LURE concentra-
tion. 
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Figure 3. Snapshots of an elongating pollen tube in the reaction 

chamber towards the direction of higher LURE concentration 
(downward). Black and white cutouts show changing form of the 
pollen tube. 
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ABSTRACT
Amyloid beta (Aβ) peptide aggregation is a key event in neurodegenerative Alzheimer’s disease, but the 

complete biochemical process is still partly unknown due to its complexity. Very few studies have exploited the 
advantages of microsystems to assess this question, in spite of their potential ability to shed light on such 
multi-parameters, dynamic phenomena. In this work, we propose two approaches, relying on microfluidics, aiming 
at progressing on our comprehension of Aβ aggregation mechanisms. In a first part of this study, we use 
concentration gradients combined with an original on-chip triggering of the reaction to demonstrate a threshold in 
Aβ concentration necessary to initiate the aggregation. Secondly, we work on a reaction-diffusion configuration with 
fluorescently labeled peptides. In stable (non-aggregating) conditions, it enables measuring the diffusion coefficient 
of different model Aβ peptides. In the presence of metallic ions, inducing aggregation, we measure the first kinetic 
steps of the process, and we show that surfaces play a crucial role.

KEYWORDS
Amyloid aggregation, Alzheimer's disease, microfluidic screening, reaction-diffusion.

INTRODUCTION
This paper reports microfluidic methods to study the aggregation of Amyloid-beta (Aβ), a pivotal process in 
Alzheimer’s disease. In fact the aggregation produces many intermediates with different cell toxicity. These ones 
aggregate on neuron where they form β-sheets which provoke neuronal death. In spite of its importance, the reaction 
is however not fully understood yet because the aggregation is dynamic and multi-parameters: it is influenced by 
concentration of Aβ, metallic ions, pH…[1]. In spite of their potential for dynamic, complex biochemical processes, 
microsystems have hardly been used in the context of Aβ aggregation. To our knowledge, very few studies have used 
microfluidics for Aβ aggregation: Meier et al. [4] have shown the importance of surfactants for the aggregation in 
micro-droplets and Lee et al. [5] have functionalized channel surfaces with Aβ seed then flow Aβ solution with drugs 
to see their impact. In this context, we propose in this work a novel microfluidic approach to progress on this 
question. Two complementary systems have been developed: one exploits the screening ability of microsystems and 
is based on the generation of concentration gradients [2]; the other relies on reaction-diffusion flow [3] to study the 
first kinetic steps.

EXPERIMENTAL RESULTS
In our first approach, we try to determine whether there is a concentration threshold of Aβ for the aggregation to occur, 
a relevant biochemical issue. For detection, we use fluorescence microscopy with Thioflavin T (ThT), which 
becomes strongly fluorescent in the presence of fibrillar aggregates. To screen Aβ concentration we have primarily 
adapted a simple linear gradient chip with nine output and tested it with Aβ42 (the full native peptide, 42 amino-acids). 
This experiment led to aggregation but we observe a clogging of chip. It thus seems necessary to have peptide in 
stable condition in the gradient chip for the concentration set, and trigger the aggregation afterwards. For that 
purpose, we designed a chip with gradient part and trigger part (Fig. 1.a). In addition, more than a linear gradient, we 
can modulate the flow ratio between gradient part and trigger part to screen more conditions (Fig. 1.b). Primarily we 
have tested our chip with full peptide, Aβ42, and we triggered the aggregation with pH (for some concentration 
conditions, amyloid Aβ42 is stable at high pH but aggregates for intermediate pH values). As expected, aggregation 
occurs only after the trigger part, which demonstrates that the device is functional: our original design enables on-chip 
initiation of aggregation. Anyway, the aggregates obtained are amorphous and this pathway is not the one we want 
study, since it is hypothesized not to be the one involved in Alzheimer’s disease. Then we used a peptide fragment 
(Aβ14-23, constituted of amino-acids 14 to 23 of the full peptide), since this model peptide aggregates with fibrillar 
pathway. Furthermore, the aggregation of Aβ14-23 is more easily controlled than for the full peptide: it is triggered by 
Zn2+ [6]. We have tested our chip in the condition of table 1.c; and we obtained the minimum Aβ14-23 concentration 
to observe aggregation (Fig. 1.e). This threshold value (around 40 µM), obtained with only 100 µL of sample and a 
single experiment, is consistent with classical biochemistry approach, which demonstrates the relevance of our 
system. Let us note however that at the intersection between gradient and trigger part, we observe some 
accumulation of peptide on the wall. This process may perturb the mixing process and consequently makes difficult 
a complete, quantitative interpretation of the result. Two points have still to be improved in that purpose: achieving 
efficient mixing at the triggering point and fully eliminating adhesion of peptide.
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Figure 1: (a) Design of gradient/trigger chip. (b) System’s calibration by fluorescein for different flow rate ratios
gradient/trigger. (c) Experimental condition with Aβ14-23. (d). Mean fluorescence intensity as function of Aβ14-23

concentration. Inset shows time evolution, demonstrating stationarity.

Figure 2: (a) Design of Diffusion-reaction Chip. (b) Fluorescence images of rhodamin B diffusion along the channel. 
(c) Intensity profile extracted from (2.b), text shows the function used to determine the diffusion coefficient. (d)

Expected evolution of the square of the diffusion width (T is the mean residence time) with and without aggregation.
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In our second approach we have studied the aggregation kinetics by using diffusion in laminar co-flows [3]: we 
measure the diffusion of peptide in non-aggregating and in aggregating conditions. This method should enable 
determining the local diffusion coefficient (D) and consequently have some information about temporal evolution of 
the mean size of aggregate (Fig. 2.d). For that purpose, we designed a chip (Fig. 2.a) with co-flow between Aβ 
solution and a buffer solution (inducing or not aggregation). Measurements are illustrated in Fig. 2.b for Rhodamine 
B. Evolution of the intensity profile can be related to the diffusion coefficient (Fig. 2.c).  

 

Figure 3: (a) Graph presenting w² as a function of time for 3 probes : fluorescein, rhodamin B and Aβ14-23. 
(b)Recapitulating table of measurement of diffusion coefficient with our chip and with NMR  
 
To calibrate the chip we have made some experiment on standard fluorescent probes (Rhodamin B and Fluorescein), 
then for fluorescently labeled Aβ 14-23 in non aggregating conditions. The measured values of D (Fig. 3) are in 
agreement with our NMR measurements and with the literature. Work is currently in progress to measure diffusion 
in presence of aggregation: a local determination of D (that should decrease during aggregation) will constitute a 
stationary measurement of the reaction kinetics (Fig. 2.c). 
 
CONCLUSION 
We use two microfluidic approaches to study amyloid beta aggregation: concentration gradient combined with 
on-chip triggering of the reaction enables determining a threshold in peptide concentration to initiate the 
aggregation; and a reaction-diffusion chip is designed to assess the very first steps of the process. 
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ABSTRACT
Recently we have developed 4 channel incubation type planar patch clamp biosensor with 

polymethylmethacrylate (PMMA) substrate by using both-side hot embossing, focused ion beam micro-fabrication 
and surface modification by extra cellular matrix. We have evaluated the performance by using the light-gated 
ion-channel protein, channelrhodopsin wide receiver (ChRWR) expressed on HEK293 cell. Observed laser-induced 
current profile and the membrane potential dependences well agreed to those observed by pipette patch clamp,
suggesting its excellent possibility in important applications such as portable ion channel biosensors and high 
throughput screening with neural systems.

KEYWORDS
Patterned planar patch clamp biosensor, multichannel, PMMA, lithography, focused ion beam, HEK293, ion 

channel current

INTRODUCTION
Ion-channel biosensor should find its use in diverse applications from the detection of biological warfare agents to 

the high throughput screening devices for the pharmaceutical development, because of its extremely high selectivity 
and sensitivity. Pioneering works were done by pipette patch 
clamp. However, it is not suitable for the multipoint 
measurements which are essentially necessary for high 
throughput screening applications. Recently-developed planar 
patch clamp opened newly the way to the high throughput 
screening applications. Since long time incubation is 
impossible in the conventional planar patch clamp devices, 
application to the neuro-science and high throughput screening 
in neural system is hindered. Recently, our group have 
developed incubation type planar patch clamp ion channel 
biosensor by using Si substrates and succeeded in 
demonstrating the excellent performance equivalent to the 
pipette patch clamp concerning channel current waveforms 
and membrane potential dependences in the whole cell mode 
operations [1]. In our previous devices, however, device 
fabrication process was not suitable for extending to the 
multi-channel structures.

In this work, we have newly developed the 4 channel 
incubation type planar patch clamp biosensor (Fig. 1a) with 
polymethylmethacrylate (PMMA) substrate (Fig. 1b) by using 
both-side hot embossing, focused ion beam micro-fabrication 
and surface modification by extra cellular matrix (ECM). We 
have evaluated the performance of the newly developed PMMA sensor chip for incubation type 4 channel planar patch 
clamp biosensor by using the light-gated ion-channel protein, channelrhodopsin wide receiver (ChRWR) expressed on
HEK293 cell [2]. The HEK293 sensor cell on the micropore of the sensor chip was stimulated by 473 nm laser light 
(1.5 mW) focused to the beam diameter of about 10 to 50 μm under the fluorescence microscopy objective lens. 
Observed laser-induced current profile and the membrane potential dependences well agreed to those observed by 
pipette patch clamp, suggesting its excellent possibility in important applications such as portable ion channel 
biosensors and high throughput screening with neural systems.

EXPERIMENT
We formed the cell trapping pattern as shown in Fig. 2. on the bath-solution-side surface of the PMMA sensor 

chip using the Ni mold as shown in Fig. 2a. The pipette solution side (lower side of Fig.2b) was formed using the 
brass mold. To make the Ni mold for the cell trapping pattern formation, we first made the resist pattern by 
photolithography using positive resist AZP4903 (AZ Electronic Materials Ltd.) on the 40 mm×40 mm square and 

Figure 1: (a) Photograph of 4 channel incubation 
type planar patch clamp biosensor. (b)Cell trap 
pattern of PMMA substrate with micropore of 2 
µm diameter at the center. (c) Schematic structure 
of single channel planar patch clamp biosensor. 
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0.6 mm thick Si(100) substrate with a mirror polished 
surface. The surface of the Si substrate was exposed to the 
vapor of hexamethyldisilazane (Tokyo Chemical Industry 
Co., Ltd.) to improve the adherence of photoresist on the Si 
surface. The Ni mold shown in Fig. 2a was formed by 
electroforming (IKEX Industry Co., Ltd.) using this resist 
pattern as the master mold. The depth of the cell trapping 
pattern was 8 μm. The brass mold for the formation of the 
pipette solution well was made by ultrafine machinery 
(FANUC Ltd.). The sensor chip was formed using the 
both-sides hot embossing machine (Engineering System 
Co. Ltd.) using a 0.2 mm thick PMMA substrate. The 
thickness of the thin film region between the cell trapping round area and the pipette solution well was controlled to 
be about 10μm (Fig. 2b). The micropore with diameter of 1.5 μm to 2 μm was formed at the center of the round area 
of the cell trapping pattern by the FIB machine (Fig. 1b). Before the FIB processing, a Cu thin film was deposited on 
both surfaces of the PMMA substrate to reduce the charge-up effects during FIB processing. This Cu thin film was 
easily removed using diluted HNO3 solution after the micropore formation. 

ChRWR is the name given to the chimeric molecule 
ChR(ABCDEfg) in ref. 2, and its plasmid construction is 
reported in detail in that reference. HEK293 cells, which 
were a generous gift from Minoru Wakamori of Tohoku 
University, were cultured at 37 °C and 5 % CO2 in 
Dulbecco’s modified Eagle’s medium (DMEM) 
(Sigma-Aldrich Co.) supplemented with 10 % fetal bovine 
serum (FBS, Biological Industries Ltd) and transfected using 
Effectene transfection reagent (Qiagen, Tokyo, Japan) 
according to the manufacturer’s instructions. After cloning 
twice with the addition of G418 (Gibco) in a 10 cm dish, 
single colonies with bright Venus fluorescence were selected 
by using a cloning cylinder IWAKITE-32 (Asahi Glass Co., 
Ltd.) and cultured in a medium containing G418 until they 
were confluent in the dish. 

 The surfaces of PMMA sensor chips were coated with 
ECMs of poly-L-lysine (PLL, Sigma-Aldrich Co.) for more 
than 1 days. After removal of excess solution, the substrate 
was rinsed with sterilized water, dried under a gentle 
nitrogen stream, and kept sterile until use. Cells were 
cultured in dishes filled with the medium under the 
conventional incubating conditions, i.e., 37°C and 5 % CO2. After cells were detached from the culture dishes, the 
cell suspension was seeded at a density of 100–300 cells/mm2 on the ECM-coated chip. Channel current was 
measured after several days of culturing, at which point about 70 % confluence was reached and the monolayer 
colony around the micropore was formed (Fig. 3). 

The electrical measurement systems were the same as those used in our previous planar patch clamp experiments 
[1, 3, 4]. An ion-channel biosensor and preamplifier head stage were set inside the aluminum electromagnetic shield 
box. The culture medium was replaced with bath and pipette solutions for the upper and lower chambers, 
respectively. The bath solution (BS) in the upper chamber contained: 140 mM NaCl, 3 mM KCl, 10 mM 
4-(2-hydroxyethyl)-1–piperazineethanesulfonic acid (HEPES), 2.5 mM CaCl2, 1.25 mM MgCl2, and 10 mM glucose 
at pH 7.4. The lower chamber solution (pipette solution (PS)) contained: 40 mM CsCl, 80 mM CsCH3SO4, 1 mM 
MgCl2, 10 mM HEPES, 2.5 mM MgATP, and 0.2 mM Na2EGTA. All data were recorded using a patch-clamp 
amplifier (Axonpatch 200B, Axon Instruments) and a data acquisition system (Digidata 1440A, Axon 
Instruments)with a whole cell mode at room temperature. Data were obtained using a 2 kHz low-pass filter and 
output gain of 1 mV/pA and analyzed using pClamp 10.2 software. For whole-cell current recordings, 
sub-nanometer conductive pores through the cell membrane, which electrically connected the inside of the cell to the 
lower chamber, were formed by applying nystatin (Sigma) solutions to the lower chamber with the final 
concentrations of 100–200 μg/ml before use. The formation of the whole-cell arrangement was confirmed by the 
observation of a capacitance increase of about 10 pF from 5 to 10 min after the addition of the nystatin solution to 
the lower chamber. A laser beam with a 473 nm wavelength and 1.5 mW maximum output power was used 
(Sumitomo Osaka Cement Co., Ltd.) to irradiate the cell on the micropore. The focused spot size of the laser beam 
was about 50 - 100 μm. 

 
RESULTS AND DISCUSSION 

Figure 2: (a) Scanning electron microscope image 
of the upper Ni mold with cell trapping pattern. 
Scale bar: 10 µm. (b) Cross sectional structure of 
the PMMA sensor chip.  

Figure 3: Fluorescence microscopy image of the 
ChRWR-expressing HEK293 cells. The monolayer 
colony was formed on the cell trapping pattern. The 
cell on the micropore is indicated by dotted line. 
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It took several days to form the monolayer colony around 
the micropore as shown in Fig. 3. A typical example of 
channel current measurement for one of the 4 channels was 
depicted as shown in Fig. 4. A rectangular pulse of a laser 
beam was used to irradiate the sensor cell after the 
monolayer colony had formed around the sensor cell. Very 
stable and sufficiently good signal to noise ratios were 
easily obtained as shown in Fig. 4a by using stable AgCl/Ag 
electrodes of the salt bridge type and doing measurements 
inside an electrically sealed box [5]. The observed channel 
current wave forms matched the reported form of ChR-WR 
(which correspond to the chimera molecule, ABCDEfg in 
reference [2]): a sharp rise with no clear desensitization, a 
rather rectangular wave form, and slightly slower fall. We 
observed a pulse train with a variable pulse interval. 
Attenuation of the second pulse, which has been observed in 
ChR-2 in dark surroundings, was not observed over the 
range of the pulse intervals larger than 500 msec. These are 
unique characteristics of ChR-WR [2], and shows that 
reliable channel current reflecting the molecular structure of 
the ion channel can be observed in the incubation type planar 
patch clamp.  

The observed dependence of the channel current on the 
membrane bias (I-V characteeristics)(Fig.4b) shows 
characteristics of a cation channel, and it matches the 
reported I-V characteristics of ChR-WR reported in [2], 
where ChR-WR was expressed on HEK293, stimulated with 
a filtered Xe lamp light (477 ± 10 nm), and measured by 
pipette patch clamp under almost the same cation 
concentrations as with PS and BS. From the current profile 
and I-V relations, we conclude that the laser evoked channel 
current of ChR-WR expressed on HEK293 was correctly 
measured by our incubation type planar patch clamp device 
using PMMA sensor chip.. 
 
CONCLUSIONS 

The PMMA substrate has several attractive features: lower cost and easy microfabrication, which are important 
characteristics for multichannel device applications, small capacitance, which gives a high speed response time and 
transparency, which enables observation by inverse-type optical microscopy, which is especially useful in cell 
imaging. We have developed the 4 channel incubation type planar patch clamp biosensor with PMMA substrate by 
using both-side hot embossing, focused ion beam micro-fabrication and surface modification by ECM. We measured 
the laser-evoked channel current of a ChR-WR-expressing HEK293 sensor cell. The waveform unique to ChR-WR 
and its dependence on the membrane potential agreed closely with those observed under similar conditions using a 
pipette patch clamp, suggesting its excellent possibility in important applications such as portable ion channel 
biosensors and high throughput screening with neural systems. 
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ABSTRACT 

In this paper, we proposed optically and graphically coded microdisks that have large coding capacity and small 
particle size for bioassay. Graphically coded particles generally have large particle size compared with the 
conventionally used microbeads. But the large particle size is not suitable for multiplexed bioassay due to a large 
amount of sample consumption and vigorous mixing. The proposed dual coding method uses optical and graphical 
codes for minimizing the particle size without reducing the coding capacity. The microdisk has dot patterns for 
graphical coding and gold layer on the microdisk for optical coding. 
 
KEYWORDS 
Coded microparticle, multiplexed bioassay, optical coding, graphical coding 

 
INTRODUCTION 

Suspension array technology using the coded microparticles is suitable to detect multiple biomolecular species 
including proteins, nucleic acids, and small molecules. The coded microparticle based assay showed higher reaction 
kinetics than planar arrays (e.g., DNA chip) because of the 3-dimensional surface properties [1]. Therefore, to 
fabricate coded microparticles, many coding methods have been reported such as optical, chemical, graphical, and 
electrical coding. The graphical coding uses two dimensional graphical patterns like barcodes. The graphical coding 
has advantages of large coding capacity and simple decoding process. However, most of the graphically coded 
particles have 100 ~ 500 μm particle size that is 10 times larger than practically used microbeads [2, 3]. Because the 
graphical coding capacity is determined by the particle size, the small particle size is not desirable to have large 
coding capacity. The large particle size requires large sample volumes and vigorous mixing for assay [4]. Therefore, 
to reduce particle size without decreasing coding capacity, we developed microdisks that can be coded by graphical 
patterns and optical signal. Raman spectroscopy, which has large coding capacity, is used for the optical coding and 
dot patterns are used for graphical coding in this paper.  

 
DESIGN AND FABRICATION 

The proposed microdisk was shown in figure 1(a). The microdisk has 5 μm diameter, and 0.5 ~ 1 μm thickness. 
Three dots were patterned for graphical information and gold layer on the surface of the microdisk generated surface 
enhanced Raman spectroscopy (SERS) signal for optical coding. The dual coding method used the two discrete 
signals as axis of code array (figure 1(b)) and the coding capacity was determined by multiplication of graphical 
coding capacity and Raman spectroscopy coding capacity. The combination of three dots can represent 6 different 
codes and the SERS spectrum can generate 40 different codes. Therefore, the coding capacity of the proposed 
microdisks is 240 (6 x 40).  

 

 
Figure 1. Schematic of the microdisk (a) and the graphical and optical codes map (b) 

 
The fabrication process of the microdisk is as shown in figure 2. Firstly, 0.5 ~ 1 μm of SiO2 was deposited on 

150 mm silicon wafer. The graphical patterns were realized by stepper photolithography and reactive ion etching 
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(RIE) of the SiO2 layer. Photoresist was removed and the patterned SiO2 microdisks were etched 100 nm by the RIE 
process. The additional RIE process increased the surface roughness of the microdisk for enhancing SERS signal 
intensity. Then the microdisks were released from silicon wafer. Deep reactive ion etching (DRIE) and isotropic dry 
etching process were used for microdisk release. The silicon substrate was etched to form pillars by DRIE process 
(figure 2(d)) and the silicon pillars under microdisks were etched using isotropic dry etching (figure 2(e)). Finally, 50 
Å Cr adhesion layer and 200 Å gold layer were sequentially deposited by thermal evaporation (figure 2(f)). 

 
Figure 2.Fabrication process of the microdisk 

 
RESULT AND DISCUSSION 

The scanning electron microscope (SEM) and optical images of fabricated microdisks were shown in figure 3(a). 
The dot patterns for graphical coding were successfully fabricated and confirmed by scanning electron microscope 
(SEM). The graphical patterns were also distinguishable by the optical microscope (x100) for decoding.  

For the collecting of microdisks from the wafer, the fabricated wafer was immersed in isopropyl alcohol (IPA) 
solution and sonicated for 5 minute. Then the microdisks were centrifuged for the microdisk concentration. Finally, 
the solution that contained one dot microdisks was spotted on slide glass and observed by the microscope. As shown 
in figure 3(b), the one dot microdisks were successfully collected in IPA solution.  

 
Figure 3. Fabrication results of the microdisk (a) SEM and optical microscope images of the patterned 

microdisks by photolithography and SiO2 dry etch (b) The collected microdisks on a slide glass 
 
The effect of RIE process was investigated to generate the strong SERS signal on the microdisk. SiO2 deposited 
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silicon wafer was etched and 50 Å Cr and 200 Å gold were deposited on the wafer. The SERS signal intensity was 
enhanced by RIE process compare to the bare SiO2 deposited silicon wafer as shown in figure 4. The anisotropic 
plasma etching process made nanoscale rough surface on the etched SiO2 layer that enhanced the SERS signal.  

The collected microdisks were coded by 4-fluorobenzenethiol (4-FBT) for 10 minutes for optical coding. For 
optical signal decoding, the 4-FBT coded microdisks were scanned with laser (647 nm) to obtain the SERS signal. 
The 4-FBT coded microdisks generate strong SERS signal at 1073cm-1. Figure 4(b) shows the SERS signal intensity 
map and spectrum on the 4-FBT coded microdisk. The SERS code was successfully encoded and decoded on the 
microdisk. 

Figure 4. (a) SERS signal intensity of 4-FBT at the bare SiO2 layer (red) and RIE processed SiO2 layer 
(blue)(b) SERS signal mapping data and spectrum of the 4-FBT coded microdisk 

 
CONCLUSION 

The proposed microdisk has large coding capacity in small particle size by using the optical and graphical coding. 
Moreover, the batch process of the micro fabrication technology produces reliable and uniform particle pattern and 
size. The proposed microdisk can be used for multiplexed bioassays with an automated decoding system.  
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ABSTRACT 
    We present a method to apply different forces to model membranes using microfluidic technology. Giant 
unilamellar vesicles (GUVs) were biochemically immobilized within a multilayer chip using a cholesterol linker. A 
deformable PDMS membrane allows the application of mechanical pressure to the vesicles. Furthermore, using the 
laminar flow within the microchannels, shear stress can be applied. To study the effects these forces have on lipid 
rafts, we used GUVs with phase-separated domains as model and made observations using confocal microscopy. The 
results indicate that prolonged pressure, and hence increased membrane tension, alters the patterns of the domains. 
Moreover, the device permits monitoring of domain reorganization after disruption by shear stress. This approach 
opens up the possibility of studying the effects of simultaneous forces, not only on model membranes but on whole 
cells. 
 
KEYWORDS 
GUVs, vesicles, membranes, membrane tension, shear, lipids 

 
INTRODUCTION 

Cells are constantly subjected to external forces from their environment and it is vital that they maintain their 
integrity and respond with the appropriate cellular process [1]. Lipid rafts are thought to play an important role in 
maintaining the membrane structure and aiding the function of the membrane proteins responsible for signal 
transduction [2]. Studying the behavior of lipid membranes in response to external mechanical stimuli is therefore of 
great interest. GUVs with phase separated lipid domains can be used to study lipid rafts, but handling of such objects 
and applying forces to them is not straightforward. Here we present a new method, using microfluidic technology, 
which allows GUVs to be easily handled and subjected to mechanical pressure and shear stress. 

 
EXPERIMENTAL 

Chip fabrication. The microfluidic chips were made from PDMS and consisted of a two-layer design requiring 
two master molds [3]. These were fabricated using multilayer soft lithography as previously described [4]. Briefly, 
SU-8 photoresist was spin-coated onto two silicon wafers at different speeds (to obtain different heights) and 
subsequently exposed to UV light through a film mask containing the channel designs. On the upper layer master (20 
µm height), PDMS (oligomer to curing agent ratio 5:1) was partly cured for 30 min at 80 °C (thickness of 5 mm). On 
the lower layer master (50 µm height), PDMS (oligomer to curing agent ratio 20:1) was spin-coated to a height of 70 
µm and partially cured at 80°C for 15 min. Fluidic access holes were punched with a 1.5 mm biopsy puncher in both 
layers. Biotinylated-BSA was then immobilized onto the surface of a glass slide by means of microcontact printing [5], 
and the microchannels were completed by bonding the PDMS to the glass slide using a plasma oven.  

GUV preparation. The electroformation protocol was used to create unilamellar vesicles [6]. The lipids 
sphingomyelin/DOPC/cholesterol were dissolved in chloroform/methanol (9:1 v/v) at a concentration of 1 mM 
together with 1 µM DiI, and dried on an indium tin oxide (ITO) coated slide overnight under a vacuum. Millipore 
filtered water was then used to rehydrate the lipids and a second ITO slide was placed on top, separated by a 1.5 mm 
silicone rubber spacer. Then 0.7 V at a 10 Hz was applied for 4 hours at a temperature of 60 °C. 
Confocal microscopy. Optically sectioned microscopy was achieved using a confocal laser scanning microscope 
(Axiovert 200M, Zeiss) and a 63x/1.4 oil immersion objective lens. DiI fluorescence in the membrane was recorded 
using a 543 nm laser, UV/488/543/633 dichroic and a 560 nm long-pass filter. FITC fluorescence was recorded using 
488 nm Argon ion laser line, UV/488/543/633 dichroic and a 505 nm long-pass filter.   

Chip operation. Following chip assembly, the chip was filled with 2% (w/v) BSA solution in PBS for 30 min 
using a syringe-pump (neMESYS, Cetoni). This serves to coat the channel walls and prevent vesicle rupture upon 
contact. This was followed by PBS to remove the unbound BSA and then re-filled with 0.01 mg/ml avidin in PBS 
for 30 min. In the final step 7 µM cholesterol-PEG-biotin was flowed through and incubated for 30 min and 
followed by Millipore water. GUVs were then introduced by gravity and incubated overnight to allow capture by the 
cholesterol linkers. To operate the PDMS membrane, up to 1 mbar of nitrogen was applied to the upper layer channel 
using a pressure control system (MFCS-FLEX, Fluigent). 
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Figure 1: Microfluidic device. a) Bright-field image showing the pressure layer with 

integrated micro-stamps situated above the fluidic layer. Scale bar: 200 µm. b) 

Schematic side view as pressure is applied to the top layer and a micro-stamp deforms a 

GUV 

 

RESULTS & DISCUSSION 

The bottom fluidic layer of the chip contains the GUVs while the top layer serves as a control layer for 

deforming the ceiling of the bottom layer. Structured ‘micro-stamps’ within the ceiling, can be lowered by applying 

pneumatic pressure to the top layer (Figure 1). The GUVs are immobilized using a biotin-PEG-cholesterol linker 

patterned on to the glass bottom of the fluidic channel (Figure 2). This provides the stability for 3-D imaging using 

confocal microscopy and also serves to spatial confine the GUVs whilst under shear stress from fluid flow. 

 

  
Figure 2. Immobilization of GUVs. a) Biotinylated-BSA, patterned onto the glass 

surface of the microchannels, is linked to biotin-PEG-cholesterol via avidin. The 

cholesterol inserts into the membrane to hold the GUV. b) Confocal image of an 

immobilized GUV with membrane probe DiI (red). Here the avidin is labeled with FITC 

(green) to visualize the patterned surface. Scale bar: 10 µm. 

 

Figure 3 shows how the GUVs are deformed when subjected to mechanical pressure from the micro-stamps. 

Using this approach, continued observations of deformed GUVs can be made over long time periods. Deforming a 

GUV will cause an increase in the tension across the lipid membrane. In this situation it is understood that lipids will 

sort laterally in order to reduce this tension [7], which is difficult to investigate over long time periods. Here we use 

phase-separated GUVs and studied the effects of induced tension by applying mechanical pressure. Figure 4 shows a 

GUV which has been deformed for 45 minutes and the apparent change in the pattern indeed indicates that lateral 

sorting of the lipids has occurred in order to reduce the tension.  

 

 

Figure 3. Deformed GUV under a micro-stamp. a) Top view and b) side view acquired 

using 3-D confocal microscopy with DiI. Scale bar: 20 µm. 
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Figure 4.  Induced tension by deformation causes lateral sorting of lipids. a) Top view 

of GUV showing DiI in the disordered phase and two ordered patches (not stained). b) 

After 45 min the lipids appear to have sorted into one disordered patch to reduce the 

tension. Scale bar: 20 µm. 

 

The effects of shear stress on the lipid domains can be investigated using the same platform. Here, we take 

advantage of the laminar flow existing within the channels. As the fluid passes over the surface of the GUVs it 

disrupts the normal pattern of lipid domains. To image this process, the flow rate is varied and a series of video-rate 

images is acquired at the surface of the GUV. Figure 5 shows how the lipid domains are disturbed by a high flow rate. 

Additionally, this allows observations of the dynamics of the domain reorganization when the flow is stopped 

(Figure 6).  

 

 
Figure 5. Applying shear stress. a) Shear stress caused by laminar flow in the 

microchannel. From top left to bottom right: a time series every 0.5 s of the GUV 

surface showing how the lipid domains are disrupted. Scale bar is 50 µm. b) 

Reorganization of the lipid domains after disruption by shear stress. When the flow is 

stopped, image analysis shows how the lipids diffuse across the membrane and the 

domains become more circular over time. 

 

OUTLOOK 

This microfluidic platform offers a new technique for studying the biophysical effects of forces upon lipid 

membranes. The device also has the potential for studying the mechanosensitivity of membrane bound proteins and 

whole cells.  
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ABSTRACT 
    In this work, we report on a novel strategy to implement and to optimize heterogeneous bioassays on an 
electrowetting-on-dielectric (EWOD) digital lab-on-a-chip analysis platform, namely the use of ferromagnetic 
particles as functional carriers for biomolecules in combination with a highly efficient extraction protocol. This 
extraction protocol serves as an extension to the common operations of the ‘digital droplet toolkit’, consisting of 
droplet dispensing, movement, merging and splitting. This new droplet-based function allows the introduction of a 
very efficient washing step, extremely important in immunoassays. In addition, the magnetic particles enhance the 
mixing process inside the droplet when a rotating magnetic field is applied. The strength of both droplet 
manipulations with respect to heterogeneous assays is proven by the integration of two different bioassays (an 
IgG-immunoassay and an enzymatic assay for glucose) on the digital lab-on-a-chip platform. 
    
KEYWORDS 
Digital lab-on-a-chip, heterogeneous bioassays, ferromagnetic particles.  

 
INTRODUCTION 

Until now, only one specific protocol, involving magnetic particles on a digital lab-on-a-chip platform, the so 
called ‘particle enrichment protocol’ [1,2], has been studied extensively and used in the framework of on-chip 
bioassays. More specifically, this protocol induces the magnetic collection and separation of particles, followed by a 
splitting step of the droplet. This results in an almost complete isolation of the magnetic particles in a smaller droplet. 
Although this approach has been demonstrated for the execution of immunoassays [3] or cell based assays [4], there 
are some drawbacks, related to this approach. The most important one is the presence of a significant amount of 
liquid surrounding the particles after droplet splitting. Hence, in case several unwanted components need to be 
removed from the particles, a large number of serial dilution steps need to be executed with this protocol, resulting in 
a decreased assay performance. A strategy to overcome this problem has been suggested by Fouillet et al. [5] who 
describe the extraction of a pellet of magnetic particles on an open EWOD configuration by removing all the 
supernatant.  

In this work, we specifically aim to implement and to optimize this protocol on a closed EWOD configuration, 
allowing the execution of heterogeneous bioassays on the digital lab-on-a-chip analysis platform. In addition, the 
presence of the magnetic particles in combination with an external magnetic stirrer, permits the introduction of an 
additional mixing process inside the droplet. Both processes enhance the bioassay performance significantly, as 
shown by an immunoassay against IgG and an enzymatic glucose assay. 

 
EXPERIMENTAL 

A detailed description of chip fabrication and interface set-up can be found in Witters et al. [6]. In this work, two 
different types of ferromagnetic particles were used. For establishing the operating diagram and the 
IgG-immunoassay, particles were taken from the MagNA Pure LC DNA Isolation kit I (Roche Diagnostics, Basel, 
Switzerland) whereas for the enzymatic assay, carboxyl-functionalized magnetic particles (1 µm) were purchased at 
Chemicell (Berlin, Germany). To biofunctionalize the first type of particles, a biotin-streptavidin immobilization 
protocol was followed, consisting of three steps. First, a layer of PLL-g-PEG-biotin solution is adsorbed to the 
particles, followed by a streptavidin binding step. Finally, biotin-labelled anti-rabbit IgG antibody was added to the 
particles. The binding of the enzymes (Hexokinase and D-glucose-6-phosphate dehydrogenase) on the 
carboxyl-functionalized particles was achieved by an one step protocol by means of the zero length linker 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC). Individual droplets of approximately 170 nL were used, 
surrounded by a thin shell of silicon oil. 

 
RESULTS AND DISCUSSIONS 

Figure 1 represents the different steps, involved in the particle extraction process. As shown by these images, 
particles are extracted at the boundary of the permanent magnet. The last images (line C) indicate also the complete 
removal of the supernatant from the extracted particles. This extraction protocol was studied more in detail by 
establishing an operating diagram as a function of the applied voltage and the concentration of the magnetic particles. 
Three different outcomes were possible (‘blocked transport’, ‘droplet transport’, and ‘particle concentration’) but by 

choosing the optimal parameter values, the supernatant was completely removed from these particles without 
particle loss (99% extraction efficiency). When particle concentration was below a critical value (< 4 mg mL-1), 
droplet transport is possible, irrespective of the applied voltage (starting from 70 V). This indicates that in this 
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situation the magnetic force is subsidiary to the electrowetting force. At higher particle concentrations, two different 
outcomes are possible. When the applied voltages are equal or above a critical value (80 V), this particle extraction 
process occurs. Below this value, no droplet transport occurs because of the decreased electrowetting force and the 
increased magnetic force. 

 
Figure 1. Overview of the particle extraction protocol. By transporting first the droplet once back and forth 

across a track of electrodes, above the magnet, the concentration of particles on one side increases. Without 
interruption of the droplet movement, the droplet is transported away from the magnet, resulting in the extraction of 

the particle pellet. 
 
The efficiency of this process was demonstrated by the execution of an IgG-immunoassay. Hereto, different 

concentrations of rabbit IgG antigen (Ag) were loaded on the reservoirs of a chip, as shown in Figure 2. These Ags 
were labeled off-chip with Alexa Fluor 647 donkey anti-rabbit IgG as detection antibody (dAb). After Ag incubation 
with the capture antibody and binding, the supernatant containing the unbound species was removed, followed by 
three additional washing steps with phosphate buffered saline (PBS), residing in the washing buffer reservoir (WB). 
The fluorescence of the dAb was determined by inverted fluorescence microscopy, after particle isolation. A clear 
linear relationship was established for the different Ag concentrations (Figure 3(B), full line) and because of the very 
effective extraction protocol, the number of washing steps was reduced significantly, compared to the particle 
enrichment protocol [2], resulting in a very low averaged CV-value (<3%). A second benefit of this extraction 
protocol formed the reduced amount of washing buffer that was needed to complete the assay. Here, only three 
washing buffer droplets of 170 nL each were necessary, avoiding multiple loading steps onto the chip as in the case 
of the particle enrichment protocol. 

 
Figure 2. Overview of the on-chip immunoassay. In a first phase, a droplet from the sample (S) reservoir is 

directed to the pellet with the biofunctionalized particles (B-C), followed by three additional washing steps (D-E). 
 
A second advantage of the integration of ferromagnetic particles is the enhanced mixing efficiency when chips 

were placed on top of a magnetic stirrer, driven by an electromotor. In the presence of a magnetic field, particles 
formed self-assembled chains along the field lines. By applying a magnetic torque, these chains rotated, increasing 
the mixing efficiency drastically inside the droplet (Figure 3 (A)). This was proven by repeating the previous 
immunoassay with an active mixing procedure. Compared to the passive mixing approach, higher sensitivity was 
obtained with as result an improvement of 90% of the limit of detection (Figure 3 (B)): 12 ng mL-1 vs. 6.4 ng mL-1.  

To investigate more in detail the effect of the magnetic particle-induced mixing process, a homogeneous 
enzymatic assay for glucose was compared with a heterogeneous assay, involving enzyme-conjugated magnetic 
particles. In the latter assay, enzymatic conversion was executed with the aid of the active mixing process. After 5 
minutes of reaction, the supernatant was guided towards a detection spot on the chip. In addition to an increased 
assay sensitivity, also a drastic decrease in assay variability (6.1% to 3.2%) was observed in case of an active mixing 
process. The improved assay performance parameters could not be attributed to the amount of enzymes present in 
the assay, since the used concentrations for enzyme immobilization were lower than the concentrations used in the 
homogeneous enzymatic assay. In addition, the biofunctionalized particles could be reused several times. Finally, the 
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heterogeneous approach allowed the automated quantification of D-glucose in blood serum. 
  

 
Figure 3. (A) Effect of particle stirring inside a droplet. In the presence of a magnetic field, particles start to form 

chains (1) and when the magnetic field rotates, chains break and start to rotate simultaneously with the rotating field 
(2). (B) Effect of an active mixing process on the calibration curve of the IgG-immunoassay. 

 
CONCLUSIONS 

The aforementioned results indicate that the use of biofunctionalized ferromagnetic particles greatly enhance the 
possibilities of digital lab-on-a-chip technology with respect to the execution of heterogeneous bioassays. The 
impact of this approach on the assay performance factors is enormous, which could be important for some 
application areas, e.g. diagnostics, environmental monitoring, etc.. 
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ABSTRACT 
Oxygen is capable of affecting cellular response in various ways. In this research, we developed a microfluidic 

array platform capable of simultaneously testing multiple drug conditions, and performing cell culture under various 
oxygen tensions. We performed tests using a hypoxia-activated anti-cancer drug, triapazamine (TPZ), on human 
alveolar epithelial cell (A549) using the platform. The experimental results indicate the cell viabilities of the drug 
treated A549 cells decreased more than 20% under low oxygen tensions compared to normoxia. The developed 
platform is promising to provide a more meaningful in vitro cell model for pharmaceutical development with the 
desired high throughput capabilities. 
 
KEYWORDS 
Microfluidics, Cell Culture, Oxygen Tension, Polydimethylsiloxane (PDMS). 
 
INTRODUCTION 

Oxygen tension plays an important role in regulating various cellular functions in both normal physiology and 
disease states [1].  Therefore, conventional in vitro cell culture models under normoxia often possess limited 
predictive capabilities.  A traditional method of setting an oxygen tension in a liquid medium is by saturating it with a 
gas mixture at the desired level of oxygen, which requires bulky gas cylinders, sophisticated control, and tedious 
interconnections.  Moreover, only single oxygen tension can be tested at the same time.  In this research, we have 
developed a microfluidic array platform capable of simultaneously performing cell culture under various oxygen 
tensions. 
 

 
 

Figure 1. Photo of the fabricated microfluidic cell culture array platform for simultaneous cell culture under various 
oxygen tensions.  The device is constructed by two PDMS layers separated by a 200 µm-thick PDMS membrane, and a 
glass substrate.  The oxygen tensions in the cell culture wells are controlled using the spatially confined chemical 
reactions (pyrogallol+NaOH) in the underneath microfluidic channels.  The cell culture wells are arranged in the same 
dimensions of the conventional 96-well plate. 
 
EXPERIMENT 

In the developed microfluidic cell culture array platform, the oxygen tensions are controlled by the spatially 
confined chemical reaction method that previously developed in our lab [2].  The method has been shown to be 
efficient and cell incubator compatible.  The developed microfluidic cell culture array platform consists of a glass 
substrate and two PDMS layers: a top layer for cell culture and a bottom layer for oxygen tension control.  The two 
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layers are separated by a PDMS membrane with a thickness of 200 µm as shown in Fig. 1.  The top cell culture wells 
(4 mm in diameter) are arranged in the same dimension as a standard 96-well plate (9 mm apart in both directions) 
commonly used in the biological lab.  The microfluidic channels constructed in the bottom layer are exploited for the 
oxygen scavenging chemical reactions to control the oxygen tensions in the cell culture wells.  In order to efficiently 
scavenge the oxygen, the chemical reactants (pyrogallol and NaOH) are introduced into the device from two separated 
inlets.  The chemicals start to mix and react with each others when flowing through the meander-shape channels.  
The widths of the microfluidic channels underneath the cell culture wells are increased to enlarge the gas exchange 
areas for efficient oxygen tension control.  The membrane sandwiched between the PDMS layers prevents the cell 
culture medium directly contacting the chemical reactants, while maintains excellent oxygen permeability.  The 
oxygen tensions in the cell culture wells are calibrated by measuring the relative fluorescence lifetime of an oxygen 
sensitive fluorescence dye, tris(2,2’-bypyridyl) ruthenium (III) chloride [3], while flowing chemicals in the underneath 
channels with various concentrations using the experimental setup as shown in Fig 2. 
 

 
Figure 2. Schematic of the experimental setup of the relative fluorescence lifetime measurement for oxygen tension 
estimation.  The setup is based on an inverted fluorescence microscope with a LED and a PIN photodiode as a light 
source and a photo detector, respectively. 
 
RESULTS 

Figure 3 shows the calibration results that demonstrate the oxygen tension controllability of the platform.  The 
platform can achieve oxygen tensions from less than 2% to normoxia in a single device without interfering gas contents 
in a cell incubator.  Furthermore, we performed tests using a hypoxia-activated anti-cancer drug, triapazamine (TPZ), 
on human alveolar epithelial cell (A549) using the platform.  Figure 4 shows the experimental results that indicate the 
cell viabilities of the drug treated A549 cells decreased more than 20% under low oxygen tensions compared to 
normoxia. 

 
CONCLUSION 

In conclusion, the platform takes advantage of microfluidic phenomena while exhibiting the combinatorial 
diversities achieved by microarrays.  Importantly, the platform is compatible with existing cell incubators and 
high-throughput instruments for cost-effective setup and straightforward operation. 
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Figure 3. Experimentally measured oxygen tensions in the cell culture wells while introducing chemical reactants with 
various concentrations (NaOH: 1M, and pyrogallol 0 to 500 µg/ml) for oxygen scavenging into the microfluidic channels 
at the bottom layer. 
 

 
 

Figure 4. (a) Photo of the device after cell culture with drug treatments and PrestoBlue cell viability assay under various 
oxygen tensions on a single chip.  (b) The relative A549 cell viabilities (normalized to the cell cultured in the growth 
medium under normoxia for 12 hrs) after 12 hr hypoxia-activated anti-cancer drug (TPZ) treatments under various oxygen 
tensions using the developed microfluidic cell culture array platform.  Data are expressed as the mean +/- SD. 
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ABSTRACT 
   A cell microcontainer which was fabricated with a phosphorylcholine polymer hydrogel on a microchip exhibited 
capability to flexibly preserve living cells for more than one week, not only at 37°C in a cell culture incubator but 
also at room temperature (RT) in a common indoor condition or at 2-6 °C in a household refrigerator. The use of the 
hydrogel microcontainer could facilitate various miniature cell-based tools to be used onsite or at home. 
 
KEYWORDS 
Cell microcontainer, Hydrogel, Preservation, Room temperature, Refrigeration temperature 

 
INTRODUCTION

A major impediment to the widespread use of cell-based chips for onsite and portable applications is the lack of 
feasible approaches to maintain cell viability and activity in the field without highly equipped cell culture facilities 
and highly trained personnel. Herein, we address a cell microcontainer fabricated with a phosphorylcholine polymer 
hydrogel, which is capable of long-term maintenance of cell viability in temperature-flexible conditions without 
conventional perfusion culture.   

 
EXPERIMENTS 

The phosphorylcholine polymer hydrogel is composed of polyvinyl alcohol (PVA) and a water-soluble 
phosphorylcholine polymer, poly (2-methacryloyloxyethyl phosphorylcholine (MPC)-co-n-butyl methacrylate 
(BMA)-co-p-vinylphenylboronic acid (VPBA)) (referred to as PMBV, Figure 1). The PMBV was synthesized by a 
conventional radical polymerization of monomers, MPC, BMA and VPBA. By mixing the PMBV and the PVA 
aqueous solutions, the PMBV/PVA hydrogel forms spontaneously, via a covalently cross-linking process between the 
phenylboronic acid groups of the VPBA units in the PMBV and hydroxyl groups in the PVA (Figure 2). A 
cell-containing PMBV/PVA hydrogel can be simply prepared by mixing the cell suspension polymer solutions either 
in bulk [1, 2] or in a microchip chamber [3], the latter format called by us as a cell microcontainer (Figure 2). 

 

 
 

Figure 1. Chemical structure of poly (MPC-co-BMA-co-VPBA) (PMBV); i / j / k = 60/30/10. 
 

The microchip as depicted in Figure 2 was fabricated on glass substrates using a photolithographic wet etching 
technique [1]. It is composed of two sets of cell microcontainer chambers and accessorial introducing channels, and 
thereby two independent experiments can be performed at one time under the same conditions. The chambers are 5.0 
mm in radius and approximately 400 μm in depth, and each is approximately 30 μL in total volume. All channels are 
700 μm in width and 200 μm in depth, which are sizes designed to facilitate the transportation of cells. When 
introducing a solution to an objective chamber, the chip is positioned vertically by a chip holder so that all 
accessorial inlets/outlets lie on the upper side of the objective chamber. By taking advantage of the chip design and 
operation, the liquid effluence from the outlet can be effectively avoided, and a fully filled chamber can be realized. 
The chip is positioned horizontally during the incubation process. To fabricate the cell-containing hydrogel in the 
microchip chamber (i.e., cell microcontainer), 5 μL of 2.5 wt% PVA solution was first injected into the chamber 
through the introducing microchannel using a microsyringe pump with a withdraw mode. Then, 15 μL of cell 
suspension in 5.0 wt% PMBV was introduced at a high flow rate of approximate 5 μL s−1. The cell-containing 
hydrogel then spontaneously formed in the chamber. With all inlets/outlets open, the microchip was put in a cell 
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culture incubator (37 °C), in a common indoor condition (RT), or in a household refrigerator (2~6 °C) without any 
additional operation.  

The viability of the cells preserved in the PMBV/PVA hydrogel cell microcontainer was investigated using 
live/dead assays (live/dead viability/cytotoxicity kit, Molecular Probes) according to a protocol described previously 
[3]. For each sample, after calcein-AM (2 μM )/ethidium homodimer-1 (4 μM ) reagent mixture solution (10 μL) was 
introduced to the chip, the chip was incubated at room temperature for 45 min, and then observed and analyzed using 
the fluorescence mode of an inverted microscope (IX 71; Olympus) with a charge coupled device (CCD) camera 
(Retiga EXi; QImaging). Great care was taken to minimize the photobleaching because of excessive exposure. In a 
live/ dead assay, green fluorescence (calcein, excitation (Ex) : emission (Em) = ~494 nm : ~517 nm) is an indicator 
of live cells (live image), while red fluorescence (ethidium homodimer-1, Ex : Em ~528 nm : ~617 nm) is an 
indicator of dead cells (dead image). The viability was estimated by counting the number of live and dead cells in 
more than 3 different areas of the chamber (i.e., more than 3 merged live/dead images) using an image processing 
program, ImageJ 1.40g, developed by the National Institutes of Health (NIH). The viability (or the percentage of live 
cells) is defined as the number of live cells/number of cells in total (%). The viability of cells preserved in medium in 
a 96-well microplate was investigated using the same protocol. Cell suspension (100 μ L) was first seeded in each 
well. Before live/dead assays, the cells were washed 5 times with 1 × PBS (100 μ L per well), and then 1 × PBS (100 
μ L) was added to each well. After that, the live/dead assay solution (50 μ L) was added to each well for the 
following viability assays. The same initial cell densities were applied in comparative investigations of two formats. 
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Figure 2. Mechanism of PMBV/PVA hydrogel formation and  
fabrication of PMBV/PVA hydrogel cell microcontainer. 
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Figure 3. Viabilities of the L929 cells preserved in 
the PMBV/PVA hydrogel cell microcontainers for 8 
days at 37°C in a cell culture incubator (red column), 
at room temperature (RT) in a common indoor 
condition (green column), and at 2-6 °C in a 
household refrigerator (blue column).       

Figure 4. Viabilities of the L929 cells preserved in 
DMEM cell culture medium in 96-well microplates 
for 8 days at 37°C in a cell culture incubator (red 
column), at room temperature (RT) in a common 
indoor condition, and at 2-6 °C in a household 
refrigerator. (N.D.: not detected, i.e., viability = 0%)  
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RESULTS 
The mouse fibroblast cell line L929 cells were used as model cells considering their wide applications in 

cell-based assays. The 8-day viabilities of L929 cells preserved in the PMBV/PVA hydrogel cell-microcontainer at 
37°C in the cell culture incubator, at room temperature in a common indoor condition, and at 2-6 °C in a household 
refrigerator are shown in Figure 3. For a comparison, the 8-day viabilities of L929 cells preserved in Dulbecco’s 
modified Eagle’s medium (DMEM) in a 96-well microplate at 37°C in the cell culture incubator, at room 
temperature in a common indoor condition, and at 2-6 °C in a household refrigerator are shown in Figure 4.  In 
comparison with cells in cell culture medium exhibiting low viability or totally dead in the corresponding conditions, 
cells in the hydrogel microcontainers in all conditions exhibited quite high viability (90-70%) after 8 days. This 
indicates that the PMBV/PVA hydrogel cell microcontainer has capability to flexibly preserve living cells for a 
relatively long period which can meet the requirement for cell-based chips for onsite and portable short-term 
applications.  

 
CONCLUSIONS 

A cell microcontainer capable of preservation of living cells in temperature-flexible conditions was developed 
with a phosphorylcholine polymer hydrogel on a microchip. The developed the cell microcontainer could make it 
possible to perform cell-based assays in miniature format under flexible conditions without highly equipped cell 
culture facilities and highly trained personnel. 
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ABSTRACT
Cell density affects Hippo signals, which regulates cell proliferation, but its molecular mechanism is still 

unclear. In this study, we examined the effect of cell shape on Hippo pathway by using micro fabricated cell culture 
platform and found that F-actin formation was modulated by cell shapes and F-actin had an inhibitory effect on 
Hippo pathway. This findings suggest that cell shape is an important factor in the regulation of cell proliferation via 
Hippo signaling, and that cells can detect density through their resulting morphology by F-actin mediated 
mechanism to regulate proliferation.

KEYWORDS
Micro-domain cell culture, Hippo signaling, Contact inhibition, Cell shape, F-actin/stress fiber.

INTRODUCTION
The Hippo signaling pathway is an evolutionally conserved tumor suppressor signaling pathway regulating cell 

proliferation. The core components of mammalian Hippo pathway consist of protein kinases Mst1/2, Lats1/2, 
co-activator proteins Yap/Taz, and transcription factors Tead1-4. In cultured cells, Hippo signal is involved in cell 
density-dependent regulation of cell proliferation, which is known as “cell contact inhibition of proliferation” [1,2]. 
At low cell density, weak Hippo signal allows nuclear accumulation of Yap, which promotes cell proliferation by 
activating Tead, in contrast, at high cell density, strong Hippo signal suppresses cell proliferation by inhibiting 
nuclear accumulation of Yap. However, the mechanisms by which cells sense cell density remains unknown.

Changes in cell density would alter both cell-cell contacts (adhesions) and cell shapes. Some studies suggested 
Hippo signals activation by cell-cell contact. Nevertheless, there is also a suggestive report showing alteration of cell 
proliferation by manipulating the shape of a single endothelial cell [3]. However, little is known about the role of cell 
shapes in regulation of the Hippo signal. In this study, we focused on the role of cell shape in regulation of Hippo 
signaling, and examined it by separating from the effects of cell-cell contacts/adhesions by manipulating the shape of 
a single cell using micro-fabricated cell culture platform.

EXPERIMENT
We first confirmed the correlation between the area covered by each cell (hereafter designated as ‘cell area’) and 

Yap distribution in mouse embryonic fibroblast NIH3T3 cells at various densities. The cell area was measured using 
the area of EGFP expressing cells sparsely mixed in the cultures. The cell area was smaller in high density condition 
than that of low density, and Yap was mostly in cytoplasmic and nuclei at high and low density, respectively (Fig. 1).
Thus, difference in cell area (i.e. cell shape) is likely to affect Hippo signaling but its contribution is controversial 
because of existence of cell-cell contact.

Fig. 1. Cell density affects cell shape and Yap subcellular localization pattern. In this study, Yap 
distribution patterns were classified as Nuc (nucleus > cytoplasm), Cyt (nucleus < cytoplasm), and 
N/C (diffuse).
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Next, to clarify the role of cell shape, we fabricated small cell-adhesive areas termed microdomains on cell 
culture dish by photo-micropatterning based technique [4]. By culturing individual cells on various sizes of micro 
domains, we could control the shape of a single cell in the absence of cell-cell contacts (Fig. 2, left). In the small 
domains (e.g. 20 x 20 μm), cells were less-expand (round shape) and Yap was mostly in the cytoplasm, while in the 
large domains (e.g. 70 x 70 μm), cells were well-expand (flat shape) and Yap was in the nuclei (Fig. 2, middle and 
right). These results suggest that cell shape regulates Yap subcellular distribution independent of cell-cell contact or 
adhesion. 

Since it is well documented that cytoskeleton proteins, including F-actin tightly relates with cell shape, we 
examined the effect of F-actin on Yap subcellular localization pattern. On 20 x 20 μm domains, stress fibers (thick 
fibrous structure of F-actin) were barely observed. However on 50 x 50 um domains, stress fibers were clearly 
present (Fig. 3, left). Therefore, cells change the stress fiber quantity in response to cell shape. We also found that 
disruption of F-actin by Cytochalasin D (CytoD) treatment reduced the nuclear localization of Yap even in 

Fig. 2. Cell shape regulates Yap subcellular distribution independent of cell-cell contact. (Left) 
Schematic illustration of microdomain production and cells cultured on the microdomains. (Middle 
and right) Yap distribution pattern in the cells cultured on various-sized microdomains. Yap, nuclei 
(Nuc), and F-actin are indicated in red, cyan, and green, respectively. Yap distribution was examined 
18 h after seeding on microdomains.       

Fig. 3. Cell shape regulates Yap by modulation of F-actin/stress fibers. (Left) F-actin distribution in 
NIH3T3 cells cultured on various-seized microdomains. (Right) Yap distribution was compared among 
well-expand cells cultured on 50 x 50 μm domains with or without of cytochalasin D (CytoD) treatment.    
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well-expand state (Fig. 3, right), suggesting that F-actin regulated Yap down stream of cell shape.  
To examine whether F-actin/stress fibers function through Hippo signaling pathway, we manipulated the activity 

of Lats protein kinase by overexpression of Lats2 or kinase-defective form of Lats2 (Lats2-KD) that is dominant 
negative for Lats1/2. We found that in Lats2-KD-expressing cells, nuclear Yap was maintained following CytoD 
treatment (Fig. 4). Since Lats phosphorylates five serine residues including S112 in mouse Yap and inhibits nuclear 

localization of Yap, the most probable explanation of 
these results is that F-actin/stress fibers have an 
inhibitory effect on Hippo signaling pathway at or 
more upstream point(s) of Lats. 

Based on these findings, we propose a novel 
model of ‘cell contact inhibition of proliferation’ (Fig. 
5). At low cell densities, cells are well-expand (flat 
shape), and this shape promotes the formation of 
stress fibers. Stress fibers inhibit the Hippo pathway 
upstream or at Lats, thereby reducing Yap 
phosphorylation and promoting nuclear Yap 
accumulation. In the nucleus, Yap binds to the Tead 
family of transcription factors and promotes cell 
proliferation. By contrast, at high cell densities, cells 
become less-expand (round shape) and this shape 
reduces stress fibers and activates Hippo signaling,  
leading phosphorylation of Yap to exclude from the 
nucleus.  
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Fig. 5. A novel cell density-dependent model of ‘cell 
contact inhibition of cell proliferation’. 

Fig. 4. F-actin regulates Yap through Hippo signaling pathway. EGFP (as a control), Lats2-KD, and Lats2 
were overexpressed in NIH3T3 cells. To identify the transfectants, EGFP expression vector was 
co-transfected in each experiments. S112-phosphorylated Yap was detected by anti-phosphorylated Yap 
antibody (pYap).      
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ABSTRACT 

The functional material micropatterns-assembled hydrogel sheet has been prepared by means of sequential 
transfer technique to construct the skeletal muscle cell-based assay system. We demonstrated to construct 
micropatterned synaptic connection between motor neurons-skeletal muscle cells using this technique. Besides, 
assembly of the non-biological functional materials has also advantage to confer additional functions to a hydrogel 
assay system. The fluorescent microbeads were assembled onto a hydrogel as sensing elements of contractile force 
and metabolic activity of skeletal muscle cells. These flexible sensor sheets would be useful to study the relationship 
between exercise and metabolic activity of muscle in type 2 diabetes. 
 
KEYWORDS 
Skeletal muscle cell, Hydrogel, Assembly, Bioassay 

 
INTRODUCTION 

 In vitro bioassay systems incorporating cells with physiological activity have been developed as an alternative to 
whole animal experiments. Systems using skeletal muscle cells are one of the promising devices, for example, to 
reveal the complex mechanisms of type 2 diabetes because the disease is closely associated with a disorder of 
insulin- or contraction-induced glucose metabolism in a skeletal muscle cell in vivo. Such a bioassay system could 
be also useful for screening candidate drugs against type 2 diabetes 

In this study, we have established the micropatterning technique of functional materials on a wet hydrogel sheet 
by means of the sequential transfer to construct the skeletal muscle cell-based assay system. This technique utilized 
conventional 2-dimensional micropatterning technique on the substrate followed by transferring the patterned 
materials onto a hydrogel surface via chemical interaction between them. We demonstrated to construct 
micropatterned synaptic connection between motor neuron-skeletal muscle cells using this technique.  Besides, 
functional microbeads were assembled onto the hydrogel as sensing elements of contractile force and metabolic 
activity of skeletal muscle cells. 

 
EXPERIMENT 
Preparation of a synapse sheet 

Figure 1(A) shows the process of 
sequential transfer of cellular 
micropatterns from a culture dish 
onto a fibrin gel. A fibrinogen and 
thrombin mixture solution was 
poured over C2C12 myotubes 
patterned on a culture dish, and the 
dish was left undisturbed for 4 h at 
37 oC under a 5% CO2 atmosphere 
to facilitate the mixture gelation and 
to allow the cells to adhere to the gel.  
By gently detaching the gel from the 
substrate, the gel sheet with myotube 
line patterns (line width: 250 m) 
were obtained.  The resulting gel 
sheet was then attached onto 
NG108-15 motoneuron-like 
cellular line patterned on the other 
culture dish and was left for 4 h to 
allow additional attachment of the 
cells onto myotube-patterned fibrin gel.  Fig. 1(B) shows the photograph of the fibrin gel with cellular patterns and 
(C) shows the micrograph of the grid micropattern formed by myotubes in the vertical line and NG108-15 cells in 
the horizontal line. As can be seen, the neurite extension from NG108-15 micropatterns toward the myotube line 
patterns was clearly identified.  In conventional co-culture method, as both cells were randomly mixed in a culture 
dish, it has been difficult to identify synaptic connections between the cells in microscopic observation. The present 

Figure 1. Process of sequential transfer of the cellular micropatterns from a 
culture dish onto a fibrin gel. (B)Photograph of the fibrin gel with cellular 
micropatterns. (C)Micrograph of the grid micropattern formed by myotubes 
in the vertical line and motor neurons in the horizontal line. 
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co-culture micropattern enabled easily focusing on the 

specific structure on the cells such as neuromuscular 

junction. 

 

Contractile force sensor sheet 

Figure 2 shows another process of sequential transfer of 

microbeads and myotubes onto a same fibrin gel for muscle 

contractile force measurement. A microbeads-patterned 

fibrin was prepared in an electrode chamber by using 

positive dielectrophoresis (Fig, 2(1)), followed by 

encapsulation of the patterned beads into a fibrin gel (Fig, 

2(2)). Then, the prepared microbeads/fibrin gel was attached 

onto myotube line patterns on a culture dish to additionally 

transfer the cells onto the gel (Fig, 2(3)). Fig. 3 shows a 

micrograph of a grid micropattern formed by myotubes and 

microbeads.  When 1 Hz of electrical pulses was applied to 

the myotubes, the bright fluorescent microbeads contracted 

synchronously with the cellular motion. This result 

suggested that the beads were useful as a marker of 

myotube contraction, leading to calculation of the 

contractile force from the beads motion as shown in Fig. 

4(A).  Now, we are examining influence of an 

obesity-related proinflammatory cytoine, TNF-, on muscle 

contractile force using the gel sheet (Fig. 4(B)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oxygen responsive microbeads-patterned hydrogel sheet 

Figure 5(A) shows the schematic view of the oxygen responsive microbeads-assembled hydrogel sheet for sensing 

cellular metabolic activity 
3)

.  Oxygen responsive microbeads were prepared as follows.  A 3.5 mL of aqueous 

polystyrene microparticle suspension (1.0 m diameter) was mixed with 1.5 mL of tetrahydrofuran (THF) under 

ultrasonication for 10 min to swell the particles. A 0.5 mL solution of oxygen responsive phosphorescent dye, 

platinum octaethylporphyrin (PtOEP), dissolved in dimethyl sulfoxide was added to the particle suspension followed 

by another 20 min ultrasonication to incorporate the PtOEP into the particles.  Then, THF in the mixture was 

evaporated for 12 h at room temperature.  The particles were separated by centrifugation, and washed two times 

with ethanol.  The resulting oxygen responsive microbeads were immobilized on a poly(acrylamide) gel surface by 

using same process as Fig. 2(1), (2).  

 The sensor sheet can be directly attached onto target cells to image cellular oxygen consuming activity. In this 

study, we demonstrated oxygen concentration imaging around glucose oxidase (GOX) pattern as a cellular model, 

which consumes oxygen during glucose oxidation reaction.  GOX pattern was prepared by patterning 

GOX-modified microbeads onto a glass substrate via cross form stenciled sheet.  Oxygen-responsive dye, PtOEP, 

encapsulated into the beads is based on the ability of molecular oxygen to quench the dye selectively.  Therefore, 

the phosphorescent intensity increases as the oxygen concentration decreases. As can be seen in Fig. 5B, the 

Figure 2. Process of sequential transfer of 

microbeads and myoyubes onto a fibrin gel. 

Figure 3. Micrograph of grid 

micropatterns on a fibrin gel 

formed by myotubes and 

microbeads line patterns. 

Figure 4.  (A) Time-course of contractile force when the 

myotubes were stimulated with 1Hz of electrical pulses. (B) 

Change of twitch contractile displacement of myotubes 

treated with or without 50 ng/ml TNF- upon application of 

continuous electrical pulses (1Hz). 
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cross-formed phosphorescence was displayed 

corresponds to the GOX pattern, suggesting oxygen 

consuming activity of GOX was successfully 

imaged using the sheet. 

In this study, functional material patterned 

hydrogel film was prepared by means of sequential 

transfer of 2-dimensional patterns on the solid 

substrate onto a gel surface.  Skeletal 

muscle-motor neuron co-culture was successfully 

patterned on a gel film allowing to easily focusing 

on a specific cellular constructs and functions such 

as neuromuscular junction.  Assemblies of 

contractile force sensor beads and oxygen sensor 

beads were also beneficial to study the relationship 

between exercise and glucose metabolism of 

skeletal muscle cells in type 2 diabetes.  Bright 

fluorescent beads acted as remarkable marker of 

contractile displacement of myotubes on a gel to 

quantitatively assess contractile force of the cells. 

Oxygen-responsible beads enabled successful 

imaging of oxygen-consumption activity of GOD 

pattern as a cellular model, suggesting applicability of 

the imaging sheet to cellular metabolic assay. 
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Figure 5.  (A) Schematic view of oxygen imaging 

around the GOX pattern using the oxygen sensor 

gel sheet. (B,C) Phase-contrast (B) and 

phosphorescent micrograph (C) of the oxygen 

imaging sheet attached onto the cross-formed GOX 

pattern. 

 

 1056



HANGING DROP CULTURE DEVICE  
FOR EMBRYONIC STEM CELL 

Yoshinori Yamaguchi,1, Mohammad Mosharraf Hossain2, Tomohiko Ikeuchi,2 Aya Hashimoto2,
Sathuluri Ramachandra Rao2, Masato Saito2, Eiichi Tamiya1,2

1Photonics Advanced Research center (PARC), Osaka University 
2Department of Applied Physics, Graduate school of Engineering, Osaka University, Japan 

ABSTRACT 
We invented a microchip for hanging drop (HD) culture of embryonic stem (ES) cells. Our micro HD chip, which is 
PDMS microchip fabricated from photoresist SU-8 mold on Si-wafer, contained the micro channels open for droplet 
holes on the surface of device so that the cell suspensions of ES cells or iPS cells formed a droplet with uniform 
number of the cells. We cultivated both mouse ES cells and iPS cells in this experiment. Our micro HD chip provided 
an excellent platform for forming the EBs for both mouse ES cells and iPS cells. 

KEYWORDS 
hanging drop (HD) culture, embryonic stem (ES) cell, iPS cell, cardiomyocyte, mouse ES cell,  

INTRODUCTION
In cytological investigation of ES cells or iPS cells, the cells are cultured in medium droplets, called hanging drop 

(HD) culture, to induce an aggregation to from embryonic body (EB). In the method of HD culture, the embryonic 
body forms the three dimensional spherical aggregates where the individual ES cells are spontaneously onset the 
epigenetic alternation and arranged themselves into three dimensional germ layers containing different precursor cells 
for different organ system.  

Conventional HD culture proved to be efficient in EB formation with limitations of medium deprivation, lack of long 
term culture capabilities, necessity of repeated manual interventions and disturbances at difference stages. The lacking 
of uniformity of initial number of ES cells in each droplet usually resulted in the undifferentiated cells or cell apoptosis. 
Our micro HD culture chip, which is made of PDMS microchannel, provides the uniformity of the number of cells in 
droplet as well as a fresh nutritive medium.  

Microfluidic device, which integrated chemical and biological analysis’s in micro channel, provides the grater 
control over the fluid manipulations at micro scale. Several microfluidic approaches have been reported for single cell 
culture. The purpose in those reports for cell culture is integration of the single cell isolation and single cell culture in 
the microchannel [1,2]. Those microchannels were designed for the cultivation from the target single cells for a long 
term culture. Therefore, besides the controlling the microfluid, the microchannel structure that allow the cells to form 
the spherical aggregation is essential for the culture of the EB formation from ES cells. Moreover the EBs were either 
put under shear stress from the flowing liquid inside micro channels which inhibit to form the aggregation and 
orientation with ES or iPS cells to EBs.  

In this paper, we are proposing a simple microfluidic HD culture platform that ensures production of EBs of size and 
shapes in numbers. Our HD platform was based on the centrifugal forces for cell aggregation and the gravity for the 
formation of sphere droplets. ES or iPS suspensions were injected in the upper injection channel and flew in the 
microchannel by the centrifugal force and the droplets containing about 200 cells were formed on the well at the end of 
channel. The channels also provided the fresh medium for the droplet to grow the ES cells. We cultivated both mouse 
ES cells and iPS cells in this experiment. We compute the sphericity of those EBs cultivated in both our chips and 
control to evaluate the morphology evolution of EBs. Our micro HD chip provided an excellent platform for forming 
the EBs for both mouse ES cells and iPS cells. 

EXPERIMENTAL 
The working principle for our microchip HD chip is a gravity and centrifugation. Our micro HD chip, which is 

PDMS microchip fabricated from photoresist SU-8 mold on Si-wafer, contained the micro channels open for droplet 
holes on the surface of device so that the cell suspensions of ES cells or iPS cells formed a droplet with uniform 
number of the cells. (Figure 1)  

The same cell suspension was introduced into the chips manually for the formation of droplets of desired sizes (20 to 
30 μl in volumes) containing desired number of cells (500, 1000, 1500 or 2000 cells). The pumping, in these 
experiment were done manually after taking the amount of cell suspension needed to the droplet formation into the 
syringe, but in ultimate use of the chip these pumping can be easily automated with the help of a syringe pump or can 
be integrated into the chip by using valve controls. After the formation of droplets, chip containing lid was kept on the 
lower part of the tissue culture dish in order to form hanging drops. The lower dish was filled with sterile Milli-Q water 
to check evaporation. In the future designs, the measures for controlling evaporation can be incorporated into the stand 
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alone chips. 
The medium was stoked though the same channel resulting the long term culture. After the formation of droplet, the 

chip was kept in the incubator at 37 degree in a 5% CO2 environment for 72 hour for cells to form the EB.   
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Figure 1: Our microchip hanging drop (HD) culture chip for ES cells and iPS cells 
 
RESULT and DISCUSSION 

We tried four, five and six drop out let design with the outlet channels forming different angles with each outlet 
channel. We found that the chip containing the 6 outlet with 60 degree was the best for forming the droplet. The cells 
suspension was introduced into the chip for the formation of droplets desired size of 20 μl containing desired number of 
cells. The initial number of cells in droplet formed by the cell suspension flowed through the channel was depended on 
the number of cells in suspension but the initial number of cells was predictable.  
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Figure 2. Images of mouse iPS (left) and EBs incubated 72hours after making hanging droplet with our microHD 
device (left column in each figure), and conventional HD in deferent initial number of cells in each droplet. EBs upper 
2 images, (A) and (a), are stated at 1000 cells. EBs in (B) and (b) are grown from 1500 cells. 
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Figure 3. The sphericity of each EB cultured by our micro HD device. (a)EBs cultured from mouse ES cells, and 
(b)EBs cultured from mouse iPS cells. 
 

EBs of varying sizes were formed from varying cell density in droplets in our micro HD chip. We cultivated both 
mouse ES cells and iPS cells in this experiment. After 72 hours we obtained EBs of comparable size and shapes to 
those from control platform. (Figure2).  

We compute the sphericity of those EBs cultivated in both our chips and control to evaluate the morphology 
evolution of EBs.( Figure 3) We observed that the sphericity of EBs were satisfactory while the sphericity in the EB 
formed from mouse iPS cells were strongly depended on the initial number of cells in droplet. Our micro HD chip 
provided an excellent platform for forming the EBs for both mouse ES cells and iPS cells. 
  We observed that the EBs cultured in our HD device was more round than the EBs of the cells by conventional HD 
system. The sphericity of the EBs from ES cells in our HD culture system is slightly more round than that of the EBs in 
conventional HD system. In both ES and iPS EB by our HD culture device, the roundness of EBs, which in initial 
number of cells was more than 1500 cells in droplet, was more spherical because the large number of cells consumed 
more medium, thus the droplet in conventional HD system shrank gradually by the cell metabolism. 

Our HD microchip successfully created the ES and iPS EBs after three to four days of culture. We cultivated both 
mouse ES cells and iPS cells in this experiment. After 72 hours cultivation, we obtained EBs of comparable size and 
shapes to those from control platform. We compute the sphericity of those EBs to evaluate the morphology evolution of 
EBs and we observed that the sphericity of EBs were satisfactory while the sphericity in the EB formed from mouse 
iPS cells were strongly depended on the initial number of cells in droplet. Our micro HD chip provided an excellent 
platform for forming the EBs for both mouse ES cells and iPS cells. 

 
CONCLUSIONS 
 We report our simple but effective microfluidic microchip to produce mouse ES and mouse iPS cell aggregates of 
desired sizes and shapes in this research. Our microfluidic platform in this paper was designed based on the hanging 
drop culture system with the microchannel structure to provide a fresh medium to keep the spherical shapes of the EBs 
in the droplet. Our HD microchip provided the uniform droplet and the number of cells with small variability in droplet. 
Our HD microchip has the potential for medium supplementing for long term EB culture and for being appended into 
an integrated EB and differentiation platform in the future. 
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ABSTRACT 

We have developed novel device where a localised axonal stretch injury is achieved by the integration of a 
pressure-flexible valve in the axon compartment of a fluidically isolated neuron culture device. Defined stretch 
injuries applied using this device resulted in delayed neuronal alterations typical of those observed in vivo. These 
results confirm the suitability of this system for studying the neuronal response to axonal stretch injury. Therefore, 
this system provides a valuable tool for studying the degenerative and regenerative neuronal responses induced by 
acute stretch injury and provides a suitable platform for testing potential therapeutic agents. 
 
KEYWORDS 
Axon Stretch Injury, PDMS Device for Cell Culture, Neuroscience, Neuron Culture, Traumatic Brain Injury 

 
INTRODUCTION 

Traumatic brain injury (TBI) is a leading cause of mortality and morbidity in children and young adults, making 
TBI a significant public health problem. TBI may be caused by rapid brain deformation, stretching, compression or 
shear forces occurring as a result of traumatic incidents such as motor vehicle accidents, falls and assaults [1].  A 
number of in vitro models to study the neuronal response to stretch injuries have been developed, including a 
dynamic stretch injury model where pressurizing a culturing chamber deflects a section of the flexible substrate 
containing the cultured axons, inducing tensile elongation [2-3].However, this model do not offer the ability to 
expose the neurons to different neuronal microenvironments. This makes it difficult to investigate the pathological 
changes within distinct parts of the neuron (soma, axon and dendrites) in response to pharmacological manipulation 
and therapeutic treatment. This may be particularly important in the investigations of mechanisms of secondary 
degeneration where the role of retrograde signalling to the soma is unclear.  

In the past few years, microfluidic devices have brought new direction in the development of models in 
neurobiology due to their ability to control both spatial and temporal dimensions, closely mimicking conditions 
found in vivo. The introduction of commercially available devices based on the research by Taylor and coworkers [4] 
has accelerated research in this area. They developed a microfluidic device enabling the isolation of axons from 
somata or dendrites allowing physical and chemical treatment on one side of the device without effecting the other 
side of the device by using microgrooves (10 µm wide and 3 µm high). To date no system able to study axonal 
stretch injury in a fluidically isolated microenvironment has been presented. In addition, the pathways to successful 
therapeutic intervention in TBI are still not clear and new models are required that mimic specific aspects of injury 
in order to examine the axonal response and trial different therapeutic agents. Therefore, a novel microfluidic device 
to simulate a stretch injury of axons by incorporating microfluidc valve technology[5] into our devices has been 
developed.  The microfluidic culture chamber design developed by Taylor and coworkers [4] for fluidic isolation of 
the axon and soma was used, together with a poly (dimethylsiloxane) (PDMS) membrane that can be locally 
deflected using the valve technology.  This allows axons growing on top of the membrane to be discretely stretched.  
This model provides an ideal platform to study stretch injuries and, in later stages, to test the effects of therapeutic 
agents in isolated axonal or somal compartments following stretch injury. 
 
EXPERIMENTAL 

The axonal stretch injury device consisted of two independent PDMS structures separated by thin PDMS 
membrane (Figure 1).  Dissociated rat cortical neurons (harvested at embryonic day 18, E18) were grown in the 
upper PDMS microfluidic culturing device (Xona Microfluidic, CA), which has 450 µm long microgrooves 
connecting the soma and axon compartments.  The bottom structure contained the air channel and was irreversibly 
sealed with the PDMS membrane using air plasma. Air pressure was applied to the air channel by using an in-house 
assembly valve system. In response to a pressure pulse, the air channel inflated and the PDMS membrane deflected 
upward, stretching the axons growing on top. The air channel microfluidic device was fabricated in PDMS by soft 
lithography and replica molding procedure. The template to make the PDMS air channel device was fabricated by 
using an office laminator as described previously [6]. A thin PDMS membrane was formed on a 1H, 1H, 2H, 2H 
perfluorooctyltricholosilane coated silicon wafer at rate of 1500 rpm and spinning time of 30 s.  A series of 
increasing air pressures were applied to the air channel and after steady state was reached, the membrane deflection 
was determined with an optical profiler system. Primary cortical neurons were seeded inside the culturing devices 
and allowed to grow for 6-8 days in vitro (DIV) for adequate axonal extension prior to stretch injury. A pressure 
pulse (35 psi, 7 s) was applied to the air channel to induce an axonal stretch injury to the overlying axons. We then 
investigated the neuronal response to axonal stretch injury by using immunocytochemistry technique. 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1060



 
Figure 1.Schematic drawing of microfluidic device used for simulating axonal stretch injury. (A) A thin PDMS 
membrane separates the air channel layer (bottom) from the overlying culturing chamber (top). (B) Application of 
an air pulse to the air channel (positioned at 200-300µm from microgrooves), cause upward deflection of the thin 
PDMS membrane, which stretches the overlying axon. 
 
RESULTS  

To determine the degree of axonal stretch, the physical extent of membrane deflection was examined.  
Membrane deflection, and therefore the degree of axonal stretch, depends on the thickness of the PDMS membrane 
and the applied pressure. In these experiments, a PDMS membrane of ~60 µm thickness was used (spin speed 1,500 
rpm), as determined by an optical profiler system (data not shown). A linear relationship was found between the 
applied pressure and the PDMS membrane deflection for the ~60 µm thick PDMS membrane with applied pressures 
below 30 psi, which appeared to plateau when higher pressures were applied (Figure 2). 

For the experiments presented here, a 35 psi pulse 
was applied, resulting in a 4.3 um upward deflection. 
The air channel in this study was 90 µm wide, therefore 
a mild, 0.5% strain was obtained (estimated by using 
Pythagoras Theorem). Live imaging of the axonal 
compartment pre- and post-injury was used to 
determine the morphological changes occurring to 
axons following application of the pressure pulse. 

 

 
Figure 2. Relationship between applied air pressure and 
membrane deflection at steady state for ~60 µm PDMS 
membranes. A constant valve opening of 7s was applied 
to ensure deflection measurements at steady state. 

 
 
 

 
Figure 3. Live imaging of control and injured axons. (A) 
In the control, healthy and intact axons continue to grow 
at 8 DIV (indicated by red arrows). (B) Top image 
demonstrates that injured axons were intact directly 
after the stretch deflection at 8 DIV. At 5 h PI, axonal 
beading can be observed (indicated by black arrows). At 
24 h PI, axons that had been stretched stop growing and 
multiple swellings were observed along the axon 
(indicated by white arrow heads). Scale bar= 20 µm.
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In the control, the non-stretched axons 

remained intact and continued to grow 

(Figure 3A). Following stretch, at 5 h post 

injury (PI), axons were beaded but 

continuous (Figure 3B), confirming the 

axons were not cut during the stretching.  

At 24 h PI, the axons exhibited further signs 

of degeneration including multiple swellings 

along the axon (Figure 3B). Double 

fluorescent immunolabelling for the dendritic 

marker protein , microtubule associated 

protein 2 (MAP2) and the axonal proteins tau 

and neurofilament M (NFM) demonstrated 

smooth continuous expression of these 

proteins in control uninjured cultures (Figure 

4A, B). Tau and NFM immunoreactive 

beading was also observed along the length 

of injured axons (Figure 4D). In order to 

examine if axonal injury resulted in 

retrograde signs of degeneration in the 

neuronal soma, we examined the somal 

compartment. At 24 h PI stretched neurons 

demonstrated dendritic beading and irregular 

MAP2 expression in the somal compartment 

(Figure 4C). These findings are consistent 

with previous experiments [2-3] and indicate 

that this new model can be used as an in vitro 

culture platform for studying the neuronal 

response to brain trauma and the testing of 

potential therapeutic agents.  

 

CONCLUSIONS 

A simple, reproducible in vitro model of discrete axonal stretch injury of cultured primary neurons is presented.  

When used for applying a very mild axonal stretch injury (4.3 µm upward deflection, 0.5 % strain) to neurons at 7-9 

DIV, live imaging and immunostaining revealed several pathological alterations characteristic of TBI in vivo and in 

vitro.  Our device allows alterations in individual axons to be investigated.  Moreover, fluidic isolation of the 

axonal and somal compartments enables targeted exposure to potential therapeutic agents.  This model provides an 

ideal platform to study stretch injuries and, in later stages, to test the effects of therapeutic agents in isolated axonal 

or somal compartments following stretch injury.  
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Figure 4.  Immunocytochemistry images of uninjured and 
injured neurons 24 h following injury. Cell bodies and dendrites 
(A, MAP2 labelling), and axons (B, Tau and NFM labelling), in 
the control chambers were smooth and uniformly labelled for 
cytoskeletal markers. At 24 h post injury cortical cultures 
exposed to axonal stretch injury showed dendritic blebbing, and 
irregular MAP2 expression (C, MAP2 labelling). The injured 
axons (D, Tau and NFM labelling) underwent characteristic 
beading, swelling and degeneration, showing punctate 
accumulation of tau and NFM within the swollen portions of the 
axon. Scale bar=50 µm  
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ABSTRACT 
    Microstructured Photoresist (PR) has been applied for cell culture substrate, but their effects on cell behaviors 
are still unclear. Here, we evaluated the effects of PR substrates on human induced pluripotent stem cells (hiPSCs), 
which have a great potential for clinical applications. By comparing two types of epoxy based PRs with and without 
antimony salt, both PRs have affected on hiPSC viability after culture for seven days. 
 
KEYWORDS 
negative photoresists, polydimethylsiloxane, pluripotent stem cell, cellular phenotype, gene expression  

 
INTRODUCTION 

Human induced pluripotent stem cells (hiPSCs) hold a great potential for applications in cell-based therapy, 
regenerative medicine and drug development/screening. Indeed, hiPSCs can unlimitedly self-renew during culture in 
vitro without any karyotypical abnormality, and differentiate any kinds of cells in a body. However, there still are 
concerns of current hiPSC experimental setting consisted with feeder cells, which may release unknown factors 
resulting low reproducibility for culture and experiments, and cause xenogenic contamination with hPSCs. Thus, it 
necessitates developing a new hESC/iPSC experimental platform without feeder cells. 

Polymer MEMS technology has recently offered a simple three-dimensional (3D) fabrication for microfluidic 
devices, and is advantageous for creating new cellular microenvironmental cues to control stem cell functions [1]. 
Especially, there is an on-going trend towards applying microfluidics to stem cell biology. Although 
nano/micro-fabrications and mechanical properties of photoresist have been well-discussed, chemical effects such as 
a toxicity of antimony salt (an optical polymerization initiator) in photoresists and its derivatives on cell functions 
are still unknown.  

Therefore, as a first step in utilizing Bio-MEMS and nano/microfluidic devices for applications in stem cell 
research, we investigated the effects of these photoresist materials on hPSC phenotypes with multiple assays: cell 
adhesion, pluripotent status, proliferation, cytotoxicity, cellular heterogeneity and gene expression. With this 
information, we will be able to modify or develop new PRs that are applicable to stem cell research. 

 
EXPERIMENT 

hiPSC line (253G1) used in this study were cultured on Mitomycin C (MCC)-treated mouse embryonic fibroblast 
(MEF) cells in hPS medium, consisting of DMEM/F12 medium supplemented with 15% KnockOut Serum 
Replacement (KSR), 1% non-essential amino acid (NEAA), 0.1 mM !-mercaptoethanol, and 10 ng/mL basic 
fibroblast growth factor (bFGF).  Media was changed daily, and these cells were passaged with StemPRO 
EZPassage kit (Invitrogen) weekly. 

First, we examined various surface treatments (i.e., corona treatment, gelatin coating, and Matrigel® coating) for 
commonly used PRs (TMMR-S2000®; called “S2000”) to facilitate PSC adhesion (Table 1). To facilitate mESC 
adhesion on PR substrates, we used these surface treatments to prepare PR substrates and used mouse embryonic 
stem cells (mESCs) to evaluate them.  
 

Table 1. Summary of treatments used for PR surfaces to improve cell adhesion 
Surface treatments Cell adhesion Colony formation Alkaline phosphatase 

None N.D. N.D. N.D. 

Gelatin + N.D. N.D. 

Matrigel +++ +++ +++ 

Corona + N.D. N.D.  
 

Briefly, corona treatment is a surface treatment technique that uses a 
low temperature discharge plasma to prepare a hydrophilic surface. 
Gelatin and Matrigel coatings on substrates are commonly used for cell 
cultures, including PSCs. mESCs could not adhere to a non-treated PR 
surface because of their hydrophobicity. Corona- and gelatin-treated PR 
surfaces became hydrophilic, although not sufficiently so for mESC 
adhesion.  

Compared with these treatments, Matrigel-coated PR substrates 
provided for better mESC adhesion. In addition, mESCs grew for seven 

S2000�

 
Fig. 1 Photomicrograph of mESCs 
expressing alkaline phosphatase 
cultured on S2000 coated with 
Matrigel. 
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days with normal colony morphologies and expression of a pluripotent marker, alkaline phosphatase (AP; Fig. 1). 
Regarding PDMS, a number of reports including ours [2] have described the use of Matrigel-coated PDMS surfaces 
for hPSC culture. Thus, we chose the Matrigel-coating method to further evaluate the effects of PRs on human PSCs. 

Second, various microfabrication materials, such as a collection of photoresists (S2000, NS3000, S2000 (10%), 
S2000 (resin) and NS4000, see Table 2), PDMS and glass, were evaluated to investigate their effects on hPSC 
behaviors (Fig. 2). The efficacy of hPSC adhesion on PR surfaces was evaluated. All PRs were coated with Matrigel 
to facilitate cell adhesion and 253G1 hiPSCs were inoculated on the Matrigel-coated PR substrates (Fig. 2a). 
NS4000 showed only small numbers of hPSCs were able to form their colonies. These results indicated that hPSCs 
could adhere on the surfaces of Matrigel-coated PRs, except for NS4000, and the hPSC colony morphologies were 
identical to colonies cultured on a conventional plastic dish. Although a few hPSC colonies adhered on the surface of 
the NS4000 substrate, their colony morphology differed from colonies cultured on a proper substrate and conditions. 

We also made cell counts after culture to evaluate the PRs’ toxicity on hPSC growth (Fig. 2b). As expected, 
hPSCs cultured on NS4000 exhibited dramatically lower viability than with the other PRs. hPSCs cultured on both 
S2000(10%) and S2000(Resin) exhibited higher cell viability after four-day culture compared with S2000 and 
NS3000. These results clearly indicated that reducing Sb reagents in PRs improved hPSC viability during culture on 
PR substrates. As PDMS exhibited cell numbers similar to those with glass, it did not affect hPSC growth. 

 
Table 2. Chemical properties of negative PRs 

Photoresists TMMR® S2000 
TMMR® 

S2000(10%) 
TMMR® S2000 

(Resin) 
TMMR® 
NS3000 

TMMR® 
NS4000 

Positive / 
Negative type Negative Negative �! Negative Negative 

PAG Sb Sb �! Non-Sb Non-Sb 

Polymerization 
mechanism 

Cationic 
polymerization 

Cationic 
polymerization �!

Cationic 
polymerization 

Radical 
polymerization  
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Fig. 2. hPSC adhesion and colony formation on microfabrication materials. (a) Phase-contrast images of 
hPSCs cultured on PR substrates coated with Matrigel. Scale bar = 200 "m. (b) hPSC cell counts after 
four-day culture on substrates. *p < 0.05. (n > 4)  

 
For further evaluation of the effects of microfabrication materials, the pluripotent status of hPSCs cultured on 

these substrates was examined by AP staining. hPSCs cultured on PRs, including NS4000, retained their AP 
expression after culture, which was comparable to conventional culture conditions. Flow cytometry analysis was 
also used to quantitatively determine cell surface markers associated with pluripotency (SSEA4 and TRA-1-60) and 
differentiation (SSEA1)  (Fig. 2d). There were no significant differences in cells’ expressions of SSEA4, TRA-1-60, 
and SSEA1 among the substrates used. As culture on NS4000 resulted in very small numbers of cells, flow 
cytometry was not applicable for this sample. 
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Fig. 3 hPSC pluripotent status on microfabricatin materials. (a) hPSC expression of alkaline phosphatase. 
Scale bar = 200 "m. (b) Flow cytometry analysis to evaluate PR effects on pluripotency and 
differentiation status. 

 
To further characterize microfabrication materials on 

hPSC behavior, quantitative PCR was used to investigate 
how they altered the expressions of pluripotent stem 
cell-specific genes and some differentiation genes (Fig. 4). 
We carefully chose 84 genes, which are related with 
maintenance and differentiation of hPSCs. We used 
unsupervised hierarchical clustering to identify those genes 
specifically induced by PRs or PDMS. Fig. 4a and b show 
the heat map and the clustered dendrogram of gene 
expressions obtained by a quantitative PCR array. Negative 
PRs, except for NS4000, induced similar gene expression 
patterns. After clustering the gene expression patterns, 84 
genes were divided into three categories; these were 
specifically activated with PRs, PDMS, glass, and a culture 
dish (Category i), NS4000 (Category ii), and IMR90 
(Category iii). According to these clustered data, NS4000 
was similar to IMR90, even though the actual gene 
expression patterns were very different. 

In conclusion, we are able to investigate how 
microfabrication materials affected hPSC behaviors utilizing 
multiple analyses. We envision that the obtained 
information will be beneficial to develop the new materials 
capable for applications in stem cell biology as well as a 
wide range of biomedical setting. 
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ABSTRACT 
We report undifferentiated culture or differentiation of mouse embryonic stem cells (mESCs) in a membrane-based two-
chambered microbioreactor (MB) by maintaining small volume in the top chamber while providing enough volume in the 
bottom chamber to maintain nutrient level. We observed that upregulated BMP4 in the MB regulated both the 
undifferentiation and differentiation behaviors differently as compared with the 6-well plate (6WP) cultures where BMP4 
was downregulated. In addition, by utilizing mathematical model of the undifferentiated cultures, we showed that volume 
of the MB was suitable to activate BMP4 signaling whereas that of the 6WP was not.  

KEYWORD 
Microbioreactor, cell-secreted soluble factors, embryonic stem cells, pluripotency, differentiation, mathematical 
modeling. 

INTRODUCTION 
Soluble factors in the microenvironment play an important role on ESC undifferentiation and differentiation behaviors. 
For establishing an in vitro differentiation system, it is essential to consider influence of exogenously added soluble 
factors as well as cell-secreted ones (i.e. endogenous soluble factors) on cell behavior [1].  

In enclosed micro-scale static culture systems, cell-secreted soluble factors can accumulate in a small volume as well as 
remain in the cell neighborhood for long-time because of the diffusion dominant nature of the microenvironment [2]. 
These capabilities of the micro-scale culture systems provide opportunity to study influence of cell-secreted soluble 
factors on cell behavior in an in vivo relevant dimension and manner. However, previous microfabrication based studies 
primarily focused on flow and size (diameter of ESC aggregates i.e. EBs) dependent modulation of soluble 
microenvironment to direct ESC behavior [3-6]. No study focused on the influence of cell-secreted factors in a small 
culture volume, which might strongly influence ESC behavior. Characterization of this influence is important for 
developing robust culture systems to control ESC behavior through a better understanding of soluble factor signaling.  

In this context, we were interested to study ESC behavior in an in vivo mimicking microenvironment which can realize 
accumulation and retention of the cell-secreted factors around the cells. In fact, pluripotent stem cells are enclosed by 
trophectoderm and extra-embryonic part in vivo. Early fate change of the stem cells occurs in a diffusion dominant 
microenvironment of the enclosure while nutrient supply to the enclosed cells is provided by maternal side. Therefore, to 
culture and differentiate mESC in an in vivo mimicking microenvironment, we are interested in utilizing a membrane-
based two-chambered microbioreactor (MB).  

EXPERIMENT 
In the MB, mESCs were cultured (undifferentiated culture) and differentiated on a polyester membrane (culture area 2.27 
cm2) sandwiched between two chambers made of PDMS (Fig. 1A). Height and volume of each chamber were 500 µm 
and 114 l, respectively. During the culture, we maintained small culture volume in the top chamber to form the diffusion 
dominant microenvironment (Fig. 1A) while culture volume in the bottom chamber was adjusted to provide enough 
nutrient supply for static culture. In the MB, we maintained undifferentiated culture of mESCs for 5 days, and 
differentiated mESCs for 8 days by using chemically defined medium with and without leukemia inhibitory factor (LIF), 
respectively. To determine the undifferentiated or differentiated state of mESCs, we evaluated relative expression of 
various genes by qPCR. To elucidate role of cell-secreted soluble factors, we did inhibition experiments in the cultures.  

To understand how physical aspects of a culture system can influence cell-secreted soluble factor signaling, we 
developed mathematical models of the undifferentiated cultures of mESCs in the MB and 6WP by using Comsol 
Multiphysics 4.1 software program (Comsol, Inc.). The models quantified autocrine activity of BMP4 (proportional to 
concentration of BMP4-bound receptors) in the culture systems by considering diffusion of BMP4 in culture volume; 
diffusion and secretion of BMP4, binding of BMP4 to its receptor, etc. in mESC aggregates. 

RESULTS AND DISCUSSION 
In both undifferentiated and differentiated cultures, mESC and differentiated cell morphology differed markedly between 
the MB and 6WP cultures (Fig. 1B). In the undifferentiated culture, mESCs maintained dome-shaped colonies in the MB, 
whereas colonies were extensively merged in the 6WP (Fig. 1B). In case of the differentiated cultures, cells formed 
epithelial sheet-like morphology in the MB, whereas cells in the 6WP formed aggregate having neuronal extensions (Fig. 
1B).  
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Figure 1. (A) Schematic showing cross-section of the membrane-based two-chambered microbioreactor (MB). (B) 
Morphology of undifferentiated mESCs (LIF+ culture on day5; (a) and (b)) and differentiated cells (LIF- culture on day 
8; (c) and (d)) in the MB ((a) and (c)) and 6WP ((b) and (d)). 

Comparison of gene expression between the MB and 6WP revealed that mESCs maintained a high pluripotent state (Fig. 
2a) and differentiated towards meso- and endo-derm (Fig. 2b) in the undifferentiated and differentiated cultures in the 
MB, respectively. In case of cell-secreted soluble factors, expression of BMP4 was remarkably upregulated in the 
undifferentiated and differentiated cultures in the MB than the 6WP (Fig. 2).  

 

Figure 2. (a) Expression of pluripotency markers (Oct4, Sox2, Rex1 and Nanog) and cell-secreted soluble factors (FGF4 
and BMP4) in mESCs cultured for 5 days in the MB and 6WP with LIF. (b) Expression of neuronal markers (Map2, 
Tubb3), mesoderm markers (Nkx2.5, Flk1), endodermal markers (Sox17, Foxa2) and cell-secreted soluble factors (FGF4, 
BMP4) in differentiated cells on day 8 in the MB and 6WP.Expression level one represents gene expression in the 
undifferentiated mESCs cultured for 2 or 3 days. Statically significant difference is indicated by the symbol “*”. 

Inhibition of BMP4 signaling by its antagonist Noggin caused downregulation of pluripotency markers in the 
undifferentiated culture (Fig. 3b) and meso- and endo-derm markers in the differentiated culture in the MB (Fig. 3b). In 
contrast, in the 6WP, BMP4 was not upregulated (Fig. 2) and had negligible effect on mESC behaviors (data not shown). 
Therefore, cell-secreted BMP4 controlled mESC behaviors in the MB but not in the 6WP. 

By using mathematical model of undifferentiated culture in the MB or 6WP, we determined the time (whole culture 
period) and volume averaged BMP4-bound receptor concentration to represent the signaling activity in a mESC colony at 
various values of culture volume height. The signaling activity changed as an inverse function of height (Fig. 4). When 
the culture medium height was ≥ 1 mm, signaling activity changed little with the variation of height (Fig. 4). However, 
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the signaling activity increased sharply when the height was below 1 mm (Fig. 4). The height of the culture medium in 
the 6WP (2 mm) was in the flat region of the curve (Fig. 4). In contrast, the height (each chamber height = 0.5 mm) of the 
MB was in the sharply increasing region of the curve. Therefore, the size of the MB, but not of the 6WP, was associated 
with upregulated BMP4 signaling, as observed in the experimental results.  

 

Figure 3. (a) Expression of pluripotency markers (Oct4, Sox2, Rex1 and Nanog) in undifferentiated mESC cultured for 5 
days and (b) Expression of neuronal markers (Map2, Tubb3), mesoderm markers (Nkx2.5, Flk1), endodermal markers 
(Sox17, Foxa2) in differentiated cells on day 8 in the MB with and without the inhibition of BMP4 by its antagonist 
Noggin. Expression level one represents gene expression in the undifferentiated mESCs cultured for 2 or 3 days. 
Statically significant difference is indicated by the symbol “*”. 

   

CONCLUSION  
In this study, for the first time, we showed that a small-scale membrane-based two-chambered bioreactor (MB) facilitated 
enriched soluble factor signaling environment than the conventional large-scale culture systems. Moreover, owing to the 
membrane-based design, long-term culture in the MB was possible by maintaining small culture volume in the top 
chamber while maintaining enough culture volume for nutrient in the bottom chamber. This is not possible in a single-
chambered microbioreactor thereby limiting their use in long-term culture study. By mathematical modeling, we also 
estimated appropriate range of height of the culture medium in a culture system to activate cell-secreted soluble factor 
signaling. Therefore, this study will be helpful for studying EB differentiation, other stem cell behavior and in designing 
advanced microfluidic cell culture systems. 
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ABSTRACT 
   This paper describes tube formation of endothelial cells in collagen/alginate core-shell hydrogel microfiber.  
We found that encapsulated MS1 (mouse pancreatic endothelial cell line) and HUVEC (human umbilical vein 
endothelial cell) spontaneously create tube-like monolayer cell structures along the axial direction of the fiber at 
meter-length scale.  Because the produced endothelial tubes are free-standing and handleable in a culture medium 
with the support of the alginate shell, our endothelial cell fibers would be a fundamental tissue unit for constructing 
three-dimensional (3D) macroscopic tissues with vascular network and for analyzing cellular behaviors (ex. 
vasculogenesis or angiogenesis) under intercellular/chemical/mechanical/fluidic interactions. 
 
KEYWORDS 
Hydrogel, Microfiber, Endothelial cell, Vascular, Cell encapsulation.  

 
INTRODUCTION 

Creating vascular network in a macroscopic artificial tissue has been stated as an essential element for 
constructing long-life artificial tissues having nutrient/metabolite circulation [1].  Various attempts have been made 
to create blood vessels in an artificial tissue [2,3], the arrangement of vascular network in a designed 3D 
configuration have still been a challenging issue.  Recently, we have proposed a cell-encapsulating core-shell 
hydrogel fiber, named “cell fiber” [4,5,6].  One important feature of our “cell fiber” is that we can freely 
manipulate the fibers with keeping cellular activities and assemble them into designed 3D configurations.  In this 
paper, we report the successful tube formation of endothelial cells in our cell fiber for the first time, indicating that 
3D arranged vascular network could be build with the fiber-based tissue assembly.  

 
FORMATION OF ENDOTHELIAL TUBE-LIKE STRUCTURE 

Formation of endothelial cell-encapsulating core-shell hydrogel fiber was conducted with double coaxial 
microfluidic device that we previously reported [4,5,6].  The formed microfiber provides a fiber-shaped 3D 
microenvironment (core material: collagen, core diameter: ~100 !m, length: >several meters) covered with sodium 
alginate shell (shell diameter: ~200 !m).  We cultured two different endothelial cells, MS1 and HUVEC, and 
observed tube-like structures formed after day 2.  Figure 2 (A) shows the growth and the formation of tube-like 
structures of MS1 endothelial cells in the core.  The tube-like structure was uniformly formed along the fiber and 
no blanch was observed (Figure 2 (B)).  As well as MS1, we succeeded in fabricating tube-like structures by 
encapsulating HUVEC in the microfiber. 
 
OBSERVATION OF ENDOTHELIAL TUBE-LIKE STRUCTURE 

We analyzed the formed tube-like structures.  Observation with conforcal reflectance microscopy revealed that 
the tube-like structure of endothelial cells was embedded in collagen fibrils, not located at the boundary between the 
collagen core and the alginate shell.  This fact suggests that the remodeling of endothelial cells in 3D 

 
 

Figure 1.  Concept of tubulogenesis of endothelial cells in core-shell hydrogel microfibers. Endothelial cells 
were encapsulated in a core-shell hydrogel microfiber generated with a double coaxial microfluidic device.  
The encapsulated endothelial cells remodel their configurations and form a tube-like microtissue (tubulogenesis) 
in the core collagen space. 
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microenvironment [7] drives the formation of the endothelial tubes.  Confocal images of immunostained MS1 cell 
fibers clearly indicated that monolayer cell tubes were continuously formed as shown in Figure 3 (A) and (B).  The 
diameter of the tube was 63.8 ± 6.8 µm for MS1 (Figure 3 (C)).  In the case of HUVEC cell fiber, the diameter of 
the remodeled tube was 22.2 ± 7.0 µm.  We consider that the initial cell density or nature depending on cell 
property may cause the difference of the tube diameters in MS1 and HUVEC cell fibers. 

One question arises after the observation: Is the inner space of the tube structure void for transferring liquid 
flow?  We did not confirm whether the inner space was void though, we think that a void could be created in the 
tube-like structure by the digestion of collagen with the endothelial cells, because void formations of 3D 
encapsulated endothelial cells were reported elsewhere [7].  Thus, we believe that our endothelial fiber would have 
the ability to transfer liquid inside and would provide an useful tissue unit for constructing vascular 3D network and 
for analyzing behaviors of endothelial cells in 3D tubular microenvironment. 

 
 

 
Figure 2.  Tube formation of endothelial cells, MS1 in the core-shell hydrogel microfiber.  (A) Tube formation 
of MS1 in the core-shell fiber. (B) MS1 tubular cell fiber at day 2.  The tube structure was formed along the 
longitudinal direction of the fiber at meter scale length. 

 
 

Figure 3.  Conforcal fluorescent images of the MS1 microfiber.  Alexafluor-conjugated phalloidin and hoechst 
were used for the immunostaining of actin filaments (green) and nuculeus (blue), respectively.  (A) 
Cross-sectional image of the tube structure of MS1 cells in the fiber.  Monolayer cell wall was observed 
clearly.  (B) Reconstructed cross-sectional image of the a-a’ in (A). Monolayer cell tube was observed.  (C) 
Intensity distribution of the image of (B).  
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CONCLUSION 
We succeeded in observing the tubulogenesis of endothelial cells, MS1 and HUVEC, in the core-shell hydrogel 
microfibers.  The tube-like endothelial cell constructs was monolayer and formed along the longitudinal axis of the 
fiber.  Our endothelial cell fibers would be a useful cellular unit for the bottom-up construction of 3D macroscopic 
tissues with vascular network and for analyzing cellular behaviors including vasculogenesis and angiogenesis of 
endothelial cells. 
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Figure 1: Illustration of axonal protein trafficking in a 
neuron being chemically stimulated externally. 
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Figure 2: (a) Schematic illustration of microfluidic 
neuron culture chip. (b) Cross-sectional view of the chip 
showing the 5-µm high microchannel. 

A STUDY OF AXONAL PROTEIN TRAFFICKING IN NEURONAL 
NETWORKS VIA THE MICROFLUIDIC PLATFORM 

Y. Fu1,2,3, A. Vandongen2, T. Bourouina3, W. M. Tsang4, M. Je4 and A. Q. Liu1 
1School of Electrical & Electronic Engineering, Nanyang Technological University, Singapore 639798 

2Duke-NUS Graduate Medical School, Singapore 169857  
3ESIEE, University of Paris Est, Paris 93162, France 

4Institute of Microelectronics, A*STAR, Singapore 117685 

ABSTRACT 
This paper reports a microfluidic platform for culturing neuronal networks and the study of axonal protein trafficking. The 

device consists of cultural microchambers connected by microchannel array. Molecular biological methods were used to 
express fluorescent proteins in neurons. Preliminary results show that the neurons can be polarized with their soma and axons 
being compartmentalized into different fluidically isolated microenvironments. When chemical stimulation was applied to 
axonal chamber, anterograde migration of expressed fluorescent proteins could be observed. The platform will be useful in 
neuroscience research for studying the response of individual neurons to extracellular stimulation.   

 
KEYWORDS 

Neuron, protein trafficking, microfluidic, axonal protein  

INTRODUCTION 
Extracellular stimulation on different parts of a neuron 

commonly results in diverse effects on the intracellular 
trafficking of proteins between its production site (soma) and 
functional site (axon and synapse region) [1-3]. However, it is 
technically difficult to study the effect of extracellular 
stimulations with high spatial resolution in traditional neuron 
culture platforms [4-5]. However, microfluidic platform can 
be a suitable candidate to overcome this limitation [6]. 
Microfluidic platform provides a highly controllable fluidic 
environment, such that localized chemotaxis can be easily 
realized. 

In this paper, a microfluidic neuron culture chip is 
designed and developed to compartmentalize the production 
site (soma, dendrite) and the functional site (axon) by using a 
microchannel array, which provides the function of precise 
fluidic control for highly localized chemical treatment and 
stimulation. Subsequently, the trafficking of axonal proteins is 
monitored to study the effect of the localized chemical 
treatment as shown in Fig. 1. 

MICROFLUIDIC CHIP DESIGN AND FABRICATION 
PROCESS 

Figure 2(a) shows a schematic illustration of the microchip. 
The device consists of two microchambers connected by a 
microchannel array. Each microchannel has a width of 8 µm, a 
length of 450 µm and a height of 5 µm as shown in Fig. 2(b). 
When neurons are seeded in the soma microchamber, the 
axons are able to grow through the microchannel array to the 
axon microchamber. The 5-µm height is the limiting 
dimension to avoid the soma ends of the neurons from 
reaching the axon microchamber. In addition, the 
microchannels prevent liquids in either side of the 
microchambers from flowing through due to the high 
hydrostatic resistance in the microchannels. Thus, the 
localized chemical treatment to either the soma or axon side 
can be achieved easily. To study protein trafficking in the 
neurons, somas in the microchamber are transfected with 
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Figure 3: Rat cortical neurons cultured 14 days in the microfluidic device (a) overview of the neuron growth, and (b) close 
view of axon region.  
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plasmid encoding axonal proteins with green fluorescent protein tag. When chemicals inducing synapse activities was applied 
in either chamber, the trafficking of fluorescent proteins within the axons growing in the microchannels can be observed 
directly with a fluorescent microscope. 

The microfluidic device is fabricated by using standard soft-lithography fabrication processes [7-9]. A two-step 
photolithographic technique is used in the fabrication process. First, a thin layer (5 µm) of SU-8 10 photoresist (MicroChem) 
was spin-coated on a wafer (CEE 200, Brewer Science). After soft baking, it was exposed with the first chrome mask, which 
defined the microchannel widths (8 µm) followed by the post exposure bake. Then, a second thick layer (100 µm) of SU-8 
100 photoresist was spin-coated on the first layer and exposed with a second mask to fabricate the cell culture chamber. 
Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) prepolymer and curing agent (10:1) was poured over the master, 
degassed and baked 2 hours at 75 °C and then peeled off. The inlets and outlets holes were punched manually by using a 
Harris uni-core sampling puncher (5 mm). Then, the PDMS devices were exposed to air plasma for 15 s using a corona 
treater (BD-25, Electro-Technic Products) to bond it with a glass coverslip. To enhance cell attachment, a coating solution 
containing 800 µg/ml of poly-D-lysin and 50 µg/ml of fibronectin (Sigma) was injected into the PDMS chip and incubated 
overnight at 4 ºC. The coating solution was then removed and the microchannels were flushed 3 times with 1× phosphate 
buffer saline. 

EXPERIMENTAL RESULTS AND DISCUSSIONS 
Rat cortical neuron was dissociated by using a papain dissociation kit (Worthington Inc.) based on the manufacturer’s 

protocols. The dissociated cells were resuspended in a chemically defined medium of B27, glutamate, and glycine in 
neurobasal medium (Invitrogen) at a concentration of 1 × 107 cell/ ml and injected into the microfluidic device. Neurons were 
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fed once a week by refreshing half of the medium. 

Figure 3(a) shows the rat cortical neurons in the microfluidic chip after 14-day in vitro culturing process. It can be seen 

that the soma ends of the neurons were limited to the left microchamber while the axons were able to grow through the 

channels to the right microchamber as shown in Fig. 3(b).  The axon growing speed is monitored by measuring their length 

from high-resolution images captured once per day. The average axon length is illustrated in Fig. 4. The error bars show the 

standard deviation of the axon length of 10 neurons. Majority of the axons were able to grow through the 450-µm 

microchannel to the axon microchamber within 7 days.  

Figure 6 shows the migration of fluorescent proteins in axons. When synapse-activating chemicals were applied to axonal 

chamber, anterograde migration of the fluorescent proteins from soma side to distant axonal end could be observed in the 

microchannel.   

 

CONCLUSIONS 

In conclusion, we developed a microfluidic neuron culture system for the study of the axonal protein trafficking in 

neurons. Results show that the platform was able to polarize the soma and axons of cultured neurons into fluidically isolated 

environments and localized treatment on the axonal end of the neurons resulted in the anterograde migration of the 

fluorescent proteins. Future studies with different stimulation protocols and statistical analysis of the results will help to 

improve the understanding of the axonal protein trafficking. 
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ABSTRACT 

We present a simple hydrostatic-driven microfluidic system for spatiotemporal cell stimulation. We used the de-

veloped system to culture HeLa cancer cells and apply stimulation pulses of Tumor necrosis factor (TNF) as short as 

10 s. Using this system, we established the concentration-dependent temporal limit of TNF-stimulated NF-kB activa-

tion in HeLa cells, and determined that a 30-seconds pulse is sufficient for full activation of NF-kB with 100 ng/ml 

TNF, and that a 1-min pulse is needed with 10 ng/ml TNF. 

 

KEYWORDS: Pulsatile stimulation, Hydrostatic-driven flow, Multiple laminar streams, HeLa cells, Tumor necrosis 

factor 

 

INTRODUCTION 

Microfluidic devices provide unique functionalities for cell biology and allow precise handling of samples. To al-

ter cellular microenvironments in a spatiotemporally controlled manner, multiple streams of laminar flow can be used 

[1]. Nonetheless, controlling these streams and their interfaces often relies on expensive liquid handling equipment, a 

barrier to widespread use of these devices in biology laboratories. Here, we present a simple T-junction microfluidic 

chip for spatiotemporal cell stimulation, powered by manually controlling the hydrostatic pressure at each inlet. Us-

ing this setup, we stimulated cancer cells with TNF for varying intervals.  

TNF is a cytokine with multiple roles that can induce cell differentiation and proliferation, and cell death at the 

same time. TNF promotes cell survival by triggering nuclear translocation of the nuclear factor kB (NF-kB) resulting 

in its activation [2]. NF-kB is a transcription factor that is involved in cellular response to stimuli such as stress and 

cytokines. When cells are treated with TNF, survival and apoptotic pathways get activated, and consequently some 

cells die while others survive. The non-genetic source of variability in different cell responses and how each cell 

makes its own decision remains unknown [3]. 

 

To better understand TNF signaling, we used this simple microfluidic system to find the minimal duration of TNF 

stimulation required to activate NF-kB in HeLa cells, and to establish the relationship between concentration and 

stimulation time. 

 

METHODS 

A microfluidic chip with two inlets and three chambers for cell culture was made in PDMS and bonded to a co-

verslip (Figure 1a). Spatiotemporal control over cell stimulation was achieved by shifting laminar streams laterally 

within the chambers. In default mode, Figure 1b, most cells are exposed to culture medium. By raising the TNF solu-

tion reservoir, all cells are exposed to TNF for the desired duration (Figure 1c).  

 

Figure 1: The microfluidic system with hydrostatic flow control used to apply pulses of TNF to cancer cells cul-

tured within chambers. (a) A photograph of the microfluidic chip with tubings connecting it to reservoirs filled with 

reagents. (b) Default mode with cell media placed 2 cm above chip. Most cells in the chambers are exposed to cell 

culture medium but a thin band of cells serving as positive controls are constantly exposed to a stream of TNF-

solution. (c) Stimulation mode: a pulse of TNF is applied to the whole cell population in chambers by raising the 

TNF solution to 8 cm for the desired duration.  
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RESULTS AND DISCUSSION 

Using a fluorescence microscope, the stimulation duration was visualized by monitoring the TNF stream, which 

contained fluorophore-conjugated BSA (Figure 2). By manually switching between operating modes (Figure 1b-c), 

TNF pulses as short as 10 s were reproducibly achieved (Figure 2).  

 

 
Figure 2:  Time-lapse of a 10 s pulse of fluorescein that was added to the TNF reservoir (Figure 1). At t=0 s, the 

system switched to the stimulation mode by raising the TNF reservoir and then lowered after 8 s back to the default 

mode. Each chamber has a length side of 2 mm and a depth of 40 µm. 

 

The calculated flow shear stresses applied to cells were in the range of 0 -0.12 Pa during the default mode, and in 

the range 0-0.4 Pa during the pulse mode (Figure 3a), which has no observable NF-kB activity in negative control 

experiments. 

  
Figure 3: Fluid flow and cell culture in the microfluidic chambers (a) 3D Comsol simulations of the flow shear 

stress inside the microfluidic chambers during the default and stimulation modes. (b) Fluorescence micrograph 

showing the GFP-NF-kB tagged HeLa cells (green) cultured in the chambers (around 500 cell per chamber), and 

the TNF stream (mixed with red fluorescent BSA) operating in the default mode. 

 

NF-kB is inactive in unstimulated cells and distributed predominantly in the cytoplasm as it is bound to an inhibi-

tor protein, IkB. Upon TNF stimulation, a signalling complex forms that leads to IkB phosphorylation and degrada-

tion, allowing translocation of freed NF-kB into the nucleus. Consequently, several genes are activated, including the 

gene for IkB. Newly synthesized IkB binds NF-kB and shuttles it back to the cytoplasm. NF-kB activation dynamics 

in each cell were visualized by tracking a GFP-NF-kB reporter (Figure 4).  

 

We discovered that 30-seconds pulse was sufficient to elicit full activation of NF-kB when using 100 ng/ml of 

TNF (Figure 4a-b), indicating digital activation consistent with prior studies using constant stimulation [4]. However, 

when reducing the pulse time to 10 s, partial activation was observed. With 10 ng/ml TNF, full activation of NF-kB 

required a 1-min pulse (Figure 4c-d); only partial activation was observed after a 30-seconds pulse. Full activation is 

defined as NF-kB translocation levels similar to those observed in cells exposed to the narrow constant stream of 

TNF at the right side of each chamber (Figure 3b). 
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Figure 4: Time course of NF-kB activation in individual HeLa cells visualized by tracking a GFP (green fluores-

cent protein)-based reporter using a fluorescence microscope. After stimulation with TNF, NF-kB translocates from 

the cytoplasm to the nucleus and then shuttles back to the cytoplasm in a delayed negative feedback mechanism. (a) 

Time-lapse fluorescence images after 30 s stimulation (at time=0) with 100 ng/ml TNF showing full NF-kB respons-

es. (c) Time-lapse images after 1 min stimulation with 10 ng/ml TNF showing full NF-kB responses. Charts in (b) 

and (d) are showing the time course of the ratio of nuclear to cytoplasmic localization of NF-kB (y-axis) in some 

cells of each case. Single-cell dynamics are shown as colored lines. Each experiment was repeated for 3 times, and 

more than 500 cells were analyzed for each case. 

 

CONCLUSION 

Here we developed a simple microfluidic setup – notably in comparison to others used in prior TNF signaling 

studies [4] – with high spatiotemporal resolution and used it to establish the concentration-dependent temporal limit 

of TNF-stimulated NF-kB activation in HeLa Cells. We determined that a 30-seconds pulse is sufficient for full acti-

vation of NF-kB with 100 ng/ml TNF, and that a 1-min pulse is needed with 10 ng/ml. This microfluidic system is 

easy to use and can be replicated in any biology laboratory with no need for sophisticated devices or 

equipment; the fluids flow was controlled hydrostatically and using off-shelf items, and the imaging sys-

tem is available in common laboratory. In the future, this device could be easily applied to other stimuli, signal-

ing pathways and cell types. 
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Figure 1: Representative photomicrographs of BA/F3 cells assayed for DNA damage using the single cell gel electrophoresis 
(COMET) assay. Cells were either untreated (A), hydrogen peroxide treated (B), actuated continuously for 15 minutes at 400 
Vpp 1 kHz (C) or 400 Vpp 18 kHz (D) on digital microfluidic devices. Scale bar is 50 µm. Percent fragmented DNA (solid red 
bars) and Olive moment (striped blue bars) were quantified by CometScore™ (E)

GENOME-LEVEL MAMMALIAN CELL RESPONSES TO DIGITAL MICROFLUIDIC ACTUATION

Sam H. Au1 and Aaron R. Wheeler1,2

1Institute for Biomaterials and Biomedical Engineering, University of Toronto, CANADA
2Department of Chemistry, University of Toronto, CANADA

ABSTRACT
Digital microfluidics uses electric fields drive droplets, often containing living cells, across a hydrophobic surface. We
present work characterizing the effects of DMF actuation on cells at the genome-level. Cells actuated under standard 
operating conditions at a low frequency experienced little-to-no DNA damage and small changes to gene expression, 
while cells actuated at ~2 times the standard voltage, ~3 times the standard operation time, on ~10 times the standard 
electrode areas and at ~10x  the standard frequency experience DNA damage and changes to gene expression. We propose 
that these results form a useful metric for the growing number of scientists using digital microfluidics and cells.

KEYWORDS: Digital microfluidics, cell stress, heat shock, DNA damage

INTRODUCTION
Digital microfluidics (DMF) is a fluid-handling technique in which nanoliter to microlitre droplets can be manipulated by 
electrically charging electrodes embedded under a hydrophobic insulating layer. DMF has recently emerged as being a 
useful tool for miniaturized culture [1] and analysis [2] of mammalian cells with reduced quantities of consumables and 
improved sensitivities relative to conventional techniques [3]. For a droplet manipulated by DMF, the vast majority of the 
electric field drops across the protective insulating layer; however, it is still important to characterize the potential effects 
of DMF manipulation on cells because electrical fields are known to affect cell behaviour and viability [4]. Cell stress 
responses have been previously characterized for cells manipulated under dielectrophoretic frequencies [5] (~0.1-100
MHz), but we are unaware of any such studies for cell manipulation under conditions associated with digital microfluidics 
(typically ~1 kHz fields across a thick insulating layer). We report here the first genome-level investigation of the effects 
of DMF actuation on cells.

EXPERIMENTAL Devices bearing 10 mm wide square electrodes arranged in 2x2 arrays were fabricated in the 
University of Toronto Emerging Communications Technology Institute (ECTI) fabrication facility using photolithography 
and wet etching. Devices were assembled with an unpatterned ITO–glass top plate and a patterned bottom plate separated 
by a spacer formed from four pieces of double-sided tape (total spacer thickness 280 µm). For cell actuation experiments, 
70 µL droplets of RPMI-1640 supplemented with 10% fetal bovine serum and 0.06% pluronic F88 (wt/v) volume 
containing 2 x 106 cell/mL Ba/F3 pro-B murine immortalized suspension cells were actuated continuously for 15 minutes 
(approximately 3-fold longer than DMF manipulation in most experiments) in a circular pattern on devices at a driving 
voltage of 400 Vpp (approximately 2-fold greater than typical potentials) at frequencies of 1 kHz or 18 kHz. Cells were 
diluted in 1 mL fresh media and allowed to recover for 1 hour at 37°C before RNA extraction and analysis. Untreated 
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Figure 2: Heat map of significant probes with a ≥2 absolute fold change 
cut-off by ANOVA using FDR Benjamini and Hochberg multiple testing 
correction (p<.05). Cells were manipulated for 15 minutes by DMF at 400 
Vpp and frequencies of 18 kHz or 1 kHz, or externally heated on chip to 
42°C, 47°C or 52°C. Trees were generated with a Pearson centered 
correlation tree building algorithm as a distance metric with average linkage 
rules. Green shaded cells represent log fold-change downregulated 
expression and red shaded cells represent log fold-change upregulated 
expression versus the mean. 

control cells were treated similarly on device, 
but were not subjected to driving voltages. 
Heat shock control cells were heated on device 
with a hotplate and the center temperature of 
droplets controlled to within 1°C of set-point 
by measurement with a K-type KMQSS-
010U-6 thermocouple (Omega Engineering, 
Inc.). COMET assays were conducted using a 
Comet Assay Kit (Trevigen, Inc.) and 
quantified using Cometscore™ (AutoComet), 
reverse transcription was completed using a 
Quantitect Reverse Transcription Kit (Qiagen, 
Inc.) and PCR was conducted on a 7900HT 
qRT-PCR machine (Applied Biosystems, Inc.) 
using Quantifast SYBR green PCR kit 
(Qiagen, Inc.). cDNA microarrays were 
conducted on the BeadChip platform 
(Illumina, Inc.) by the University Health 
Network Microarray Centre.   
 
RESULTS AND DISCUSSION 
Previous studies evaluating electrical-field 
mediated cell damage have reported observing 
DNA strand breaks [7]. To detect DNA 
fragmentation in cells manipulated by DMF, 
we conducted Single Cell Gel Electrophoresis 
COMET assays, with DNA damage quantified 
by percentage of migrating DNA and the Olive 
moment. Non-actuated cells and cells actuated 
at 1 kHz had very little DNA 
migration/damage(Figure 1A/C/E), and 
significantly less than cells treated with H2O2 
or cells actuated at 18 kHz (Figure 1B/D/E).  
 
To broadly probe for phenotypic changes, we 
conducted full-genome microarray studies on 
heat treated cells, and non-actuated and 
actuated cells (as above) using Illumina 
BeadChip Arrays. Figure 2 is a heat map of all 
significant genes with ≥2 absolute fold change 
as determined by one way analysis of variance 
(ANOVA). Of the 221 differential expressed 
genes (p<0.05) only 3 were statistically 
different between the non-actuated cells and 
the cells actuated at 1 kHz. However, there 
were 92 were statistically different probes 
between cells treated at 18 kHz vs. untreated 
controls, many of which included genes 
involved in the p38 MAPK, JNK-STAT and 
fos/jun pathways. Furthermore, the similarities 
between the expression profiles of cells 
actuated at 18 kHz vs. the heat shock controls 
suggest that heating may contribute to any 
changes in gene expression brought on by 
DMF manipulation.   
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Table 1: Summary of qPCR results. Fold changes in expression and associated p-values derived from 
Student’s t-test for dusp1 and hspd1 genes of cells actuated on DMF devices for 15 minutes with square 
electrode sizes of 10, 5 mm and frequencies of 18, 10, 1 kHz.  

 

Two genes were then chosen for qRT-PCR analysis to verify the microarray results and to characterize the influence of 
frequencies (1, 10 and 18 kHz) and electrode sizes (5x5 mm, or 10x10 mm – both of which are larger than usual). Dual 
specificity phosphatase 1 (dusp1) and heat shock 60kDa protein 1 (hspd1), which were both downregulated from the 
microarray at 18 kHz, were examined (Table 1). Of all the conditions, only the case of high frequency (18 kHz) and large 
electrodes (10 mm x 10 mm) led to significant decreases in dusp1 or hspd1 expression levels (p<0.05).   
 
CONCLUSION 
In conclusion, it appears that DMF operating parameters can be tailored to generate mammalian cell stress responses that 
range from negligible to severe; we propose that these results will be important for the increasing number of groups using 
DMF for cell-based applications. 
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Condition

Dusp1 hspd1
Fold Change p-value Fold Change p-value

10 mm 18 kHz -3.52 <0.01 -3.17 <0.05

10 mm 10 kHz -1.03 >0.50 -1.46 <0.30

10 mm 1 kHz -1.27 <0.20 -1.04 >0.50

5 mm 18 kHz 1.43 >0.50 1.05 <0.20

5 mm 10 kHz 1.44 <0.10 1.73 <0.20

5 mm 1 kHz 1.04 >0.50 1.05 >0.50

 1080
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ABSTRACT 

In prior work, we reported an efficient methodology for cell-sized liposome manipulation using DEP-based 
tweezers [1]. In this work, we improved the tweezers that was added further precision in the liposome handling. This 
devise consists of a smooth-tip glass needle and a pair of thin Au-film electrodes. The smooth tip, which is fabricated 
by melting a finely-pulled glass needle, is able to concentrate the DEP effect. Using this tweezers, we succeeded in 
capturing, manipulating and positioning single giant-liposomes of various sizes. This device will become an efficient 
tool for handling single biological particles such as liposome-based artificial cells. 
 
KEYWORDS 

Liposome, Single-particle Handling, Dielectrophoresis  
 

INTRODUCTION 
Liposome is a spherical shape of a bilayer lipid 

membrane which is a basic component of cell membranes 
and contains an aqueous solution in the inside of the 
membrane. In nature, living organisms use this structural 
aspect to wrap up the cell itself, to encapsulate biological 
substances for intercellular transports, to store enzymes, 
and to create isolated chemical reaction chambers. In 
addition, the bilayer form of the membrane is able to keep 
membrane proteins which play significant roles in living 
cells. Because of these advantages in the structure and the 
characteristics, artificially formed liposomes are widely 
used in biological research such as drug delivery systems 
[2] and membrane protein studies [3]. 

In recent years, cell-sized liposomes have been also 
focused as minimal bio-reactors or artificial cell models 
since the size is suited for robust containers of pL volumes 
as well as for observation with fluorescence microscopy 
[4-5]. For these cell-sized liposome applications, an 
efficient tweezing methodology is required for precise 
operation with a single liposome level in order to observe 
and analyze the individual liposomes. However, the 
conventional methodologies of particle handling, such as 
the pipet-based tweezers and the optical tweezers, are not 
perfectly matched for the liposomes because the liposome core is mainly composed by an aqueous solution (unlike 
cells) as well as the lipid membrane easily deforms. The pipet-based methodology attracts and holds a target particle 
on the thin capillary tip by applying a negative pressure inside of the capillary. This methodology is very powerful to 
manipulate a single cell since it can easily switch the holding/releasing modes but the strong flow by the pressure 
induces the deformation of the cell-sized liposome and suction into the capillary [6]. On the other hand, the optical 
tweezers hold the target particle by using a laser beam which is exposed from an objective lens of a microscope. The 
applied laser is refracted in the target particle suspended in a solution, which generates a momentum change of the 
laser beam that holds the particle. In order to generate a sufficiently strong trapping force, the major difference of 
“refraction index” is required between the target substance and the medium [7]. However, the liposome core often 
contains an aqueous solution similar to the external solution, unlike the cellular cytoplasm. Hence, the force of the 
optical tweezers only influences to the thin lipid membrane, which is insufficient for the liposome handling. 

In this research, we took advantage of the dielectrophoresis (DEP) effect to hold a single cell-sized liposome. 
DEP is the phenomenon arising from a non-uniform electric field and has been applied in microfluidic systems to 
trapping, sorting, and patterning target particles in a fluidic solution with electrodes, in which the devices were 
fabricated by using a basic MEMS technique. DEP force (  depends on the electrical characteristics between 
the target particle and the surrounding medium, and can be described as 
 

2      
 

 
Fig. 1  Conceptual diagram of the smooth-tip 
DEP-based tweezers for giant-liposome handling.  
A pair of Au-electrodes is coated on the both sides of 
a fine glass-needle whose tip is smoothly melted. 
When an AC potential is applied, the electrical field 
concentrates near by the tip and able to capture a 
single liposome. 
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, where a is the particle radius,  is the permittivity of 
the medium,  is the electric field intensity, and 

∗ ∗ / ∗ 2 ∗  is the Clausius-Mossitti 
function; the dimensionless factor (*) represents the 
frequency-dependent electrical properties of the particle 

∗  and the medium ∗  
[8-9]. 

Previously, several DEP-based tweezers were reported 
as cell handling devices. One type of the devices consists 
of a fine-tipped glass capillary embedding a metal wire, 
and the other type coats the capillary with metal films as 
the electrodes [10-14]. The tweezers with the metal wire 
succeeded in precise handling of living cells, but the 
fabrication procedure was difficult to reproduce. The other 
type of the device with metal films was easy to fabricate 
but difficult to handle a single cell one by one. Therefore, 
we aimed at developing the tweezers for single liposome 
handling with an easy fabrication process. The DEP-based 
tweezers consist of a glass needle with a pair of metal film 

electrodes as described in Fig. 1. The shape of the tweezers tip is smooth hemisphere, which enables the 
concentration of the electrical field near by the tip, and to handle a single cell-sized liposome. With the application of 
an AC potential, a non-uniform electrical field is generated at the tweezers tip and the target liposome is attracted by 
DEP effect. This tweezers can be fabricated by a robust and very easy step, which may be applied to bulk 
production.  
 
EXPERIMENT 

Cell-sized liposomes were formed by the common electroformation process [15]. A lipid solution (0.5 mg/ml of 
DOPC with 5% rhodamine-conjugated DOPE in chloroform and methanol (2:1 in volume)) was dried in vacuum and 
hydrated with the electroformation. By using the electroformation method, various sizes of liposomes were prepared 
(1~30 m). The interior and exterior solutions were replaced with 10 mM NaCl/sucrose and glucose, respectively 
(adjusted at 100 mOsm). 

The smooth-tip DEP-base tweezers was fabricated by the following process. Round shaped glass rod (diameter: 1 
mm, length: 90 mm) purchased from NARISIGE (Tokyo, Japan) was stretched to a fine tip by using a glass puller. 
The tip was then melted smoothly by a thermal polishing process with a microforge, and cleaned by oxygen plasma. 
The cleaned glass needles were sandwiched between the PMMA double-side shadow-masks, which consist of two 
glass-needle holders with narrow slits [1]. Thin Cr/Au films were sequentially deposited on one side of the glass 
needle through the slits with a high-vacuum thermal evaporator, and then the PMMA mask was flipped and metals 
were subsequently deposited on the other side. After the electrode depositions, the smooth-tip DEP-based tweezers 
was wired with electrically conductive tapes to connect to an AC potential generator for the liposome handling 
experiments. 

We simulated the 2-dimensional electrical field intensity square ( ) at the tweezers tip under the application of 
an AC potential using COSMOL Multiphysics to confirm the holding point of the developed tweezers. Fig. 2 shows 
the result applied an electrical potential of 100 mV between the two metal-film electrodes. The red and blue colors 

represent the intensity of  from a positive potential to 
zero. As shown in Fig. 2,  concentrates at the edges of 
the two electrodes and covers the tweezers tip. Therefore, 
the captured targets by the DEP force would be attracted to 
these points. 

 
RESULTS & DISCUSSION 

The performance of the tweezers is presented in Fig. 3. 
The tweezers tip was set near by a target liposome and an 
AC potential (200 mV, 1 MHz) was applied between the 
two electrodes by a function generator (Fig. 3a). The 
liposome was immediately attracted toward the tweezers 
tip and captured (Fig. 3b). With the lateral motion of the 
tweezers by a micromanipulator, the captured liposome 
followed (Fig. 3c). When the applied AC potential was 
turned off, the liposome was released from the tip and 
stayed still (Fig. 3d). Due to the focused DEP force at the 
smooth tip, a single liposome with 2 μm in diameter was 
successfully captured, manipulated and positioned. 

Fig. 4 shows the handling capability of the tweezers 

 
Fig. 2  The simulated result of the electrical field 
intensity square at the tweezers tip model. An 
electrical potential (100 mVpp) was applied between 
the two electrodes. The smooth shape concentrates 
the electrical field intensity within the two narrow 
regions. 

Fig. 3  Liposome handling by the DEP-based 
tweezers (Applied AC field:1 MHz, 200 mVpp). (a) 
The tweezers tip was positioned by a liposome and 
an AC potential was applied. (b) The tweezers 
captured the liposome. (c) DEP force allowed to 
manipulate the liposome. (d) By turning off the AC 
field, the liposome was released and positioned. 
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against the liposome size. Comparing to the other handling 
methods, the developed smooth-tip DEP-based tweezers 
was able to handle single liposomes with a wide range of 
sizes by the one device design [7,16]. 
 
CONCLUSION 

In this study, we succeeded in handling cell-sized 
liposomes by using the smooth-tip DEP-based tweezers. 
The smooth-tip design enabled the concentration of electric 
field at narrow space, allowing capturing, manipulation, 
and positioning of a single liposome one by one. This 
device showed a wider size range of the handling capability 
compared to the other methods. The developed DEP-based 
device will become an efficient tool for handling single 
biological particles such as liposome-based artificial cells. 
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Fig. 4  Handling capability of the DEP-base 
tweezers on the liposome size (a) Microscopic 
images of the manipulated liposomes with various 
sizes. (Applied AC field: 1 MHz, 200mV). (b) 
Comparison of the handling performance between 
the different types of tweezing methods. The pipet 
size determines the feasible liposome sizes for the 
pipet-based tweezers, but the size range is small. 
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ABSTRACT 
This paper demonstrates the integration of droplet manipulation by electrowetting-on-dielectric (EWOD) with 
in-droplet manipulation of parasites (i.e. Cryptosporidium oocysts) by hybrid AC-electrokinetics (ACEK) [1]. While 
other techniques have been reported for in-droplet manipulation, this is the first time that ACEK (i.e. combined 
effect of dielectrophoresis, electroomosis and electrohydrodynamics) is used to concentrate/separate biological 
particles in droplet-based microfluidics. Parasites concentration/separation in a sub-volume of the mother droplet has 
been successfully performed with better efficiency than competing works reported in the literature. 
 
KEYWORDS 
Concentration/separation, digital microfluidics, AC-electrokinetics, parasites, water quality. 

 
INTRODUCTION 

Cryptosporidium is an Apicomplexan genus with many species that are pathogenic to humans and animals. 
Cryptosporidium species are the etiologic agent of cryptosporidiosis, a severe diarrheal disease which can be deadly 
for immunodeficient people like AIDS patients. The infectious Cryptosporidium oocyst is frequently transmitted via 
contaminated drinking water. Several miniaturized techniques have been developed to detect and quantify 
Cryptosporidium oocysts in water samples. They are based on surface plasmon resonance [2], impedance 
spectroscopy [3], microgravimetry [4] or piezoelectric cantilever sensor [5]. All these analysis used microliter 
volume of the samples. However, current methodologies for sampling and filtrating water lead to volume in the 
milliliter range. Microsystem approaches require therefore an additional ultra-concentration step with high recovery 
efficiency in order to release the constraints on the detection limit. 

 
Our solution is to use digital microfluidics (DMF) by EWOD (in air) for sample preparation. Reasons for 

justifying this choice have been given previously [6-7]. In this context, one can find several authors that have 
integrated pre-concentration step in DMF. Wang proposed a system based on magnetic field [8]. Shah improved this 
system using interfacial forces [9]. Shah also used optoelectronic tweezers (combining optical tweezer and 
dielectrophoresis) to perform concentration/separation of Hela cells [10]. Valley and his colleagues used 
optoelectronic tweezers to manipulate particles. In their system, wettability of the active surface is modified by light 
[11]. Magnetic and optical methods have very high recovery efficiency (higher than 90%). However, their full 
integration in a lab-on-chip is not possible for time being. On the contrary, electrical methods can be integrated more 
easily, particularly with EWOD chip. A first system was introduced by Cho [12]. It uses electrophoresis and its 
recovery efficiency is 83% and concentration increase is 73%. Fan integrated dedicated interdigitated electrodes in 
EWOD chip (in oil) and used dielectrophoresis to concentrate cells [13]. Its recovery efficiency is 63% and 
concentration increase is 1.6x. 
 
EXPERIMENT 

 
 

Figure 1: Schematic views of a-b) particle manipulation by ACEK in a droplet and subsequent c-d) droplet splitting 
and e-f) transporting by EWOD. 
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The concept of our device is described in Fig. 1 showing the two kinds of electrodes i) for 
concentration/separation of the micro-particles in an immobile mother droplet (Fig.1a-b), ii) for splitting into a 
daughter droplet and further displacement (Fig. 1c-f). We rely therefore on a single electrical control system to 
perform all the necessary functions on our device and the design of the concentration/separation electrodes is the key 
aspect of our work. 

 
From a literature survey [14], we defined the best potential geometries (Fig.2) which were then optimized using 

the simulation strategy of Oh [15] but applying it in 3D instead of 2D. This is a crucial difference as, of the various 
forces acting on the micro-particles in the droplet, the equilibrium between negative dielectrophoresis and gravity 
forces defines a levitation height of the particles and thus a concentration in the Z-axis while the vortices formed by 
the electrothermal effects effectively traps them at defined locations in the XY plane. These phenomena can 
therefore only be seen in a full 3D simulation. 

 

 
 

Figure 2: Schematic top view of the various geometries of the planar electrodes dedicated to the 
concentration/separation of the particle by ACEK: a) diamond, b) arrow, c) X shapes. 
 

The various criteria for optimization such as the need to keep temperature in the liquid < 315°K to be bio 
compatible were assessed. Fig.3 gives the results of this 3D optimization in which the total force fields on each 
geometry clearly display vortices (in the dark circles) in which particles are gathered. By further adding as a 
constraint the drop splitting step we show that the X-shape electrode is the best choice for our system.  
 

   
 

Figure 3: 2D cross sections (in the plane of the levitation height) of the 3D simulations of the total forces 
(dielectrophoresis, drag, gravity, buoyancy) obtained by solving charge conservation (Laplace), energy conservation 
(Fourier), momentum conservation (Stoke) equations with COMSOL MULTIPHYSICS for each electrode shape. 
Conductivity, potential drop and frequency were the same for all geometries. The vortices can be seen in the dark 
circles. 
 

 
 

Figure 4: Schematic drawing (top & side views) of the topography of the micro-device showing the layering of the 
EWOD electrodes (Nickel), EWOD dielectric (SU-8) and ACEK and EWOD ground electrodes (gold). A 
superhydrophobic silicon cover is fixed on top of this structure to prevent evaporation and to reduce friction. 
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Fig.4 shows the top and cross-sectional views of the bottom part of the system. The resulting device was covered 
by a silicon superhydrophobic cover to perform all experiments in air. 
 

We performed several concentration tests on Cryptosporidium parvum oocysts (spherical parasites with 5 µm 
diameter). We demonstrated clear concentration possibilities with high recovery rate (70%) in the vortices resulting 
in a 12x increase in local concentration (Fig.5). 

 

 
Figure 5: Results of the experiments (5) on the concentration of Cryptosporidium parvum oocysts. First column is 
the initial concentration, second column is the total number, third column is final concentration and last column is 
the percentage of recovery (number of gathered oocysts/total number of oocysts). 
 
 

Extraction of this fraction in two daughter droplets (# 800nl) using EWOD resulted in droplets in which parasites 
concentration was multiplied by 4.5. This result is higher than the state of the art [13] which showed only a 1.6x 
increase. Finally, we demonstrated that using the same device, one can successfully distinguish and separate between 
two parasites (Cryptosporidium oocysts and Giardia cysts) differing in size and shape (5µm and 12µm respectively). 
These results of an integrated multi function electrical only system pave the way to lab on chip device for water 
quality control. 
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MICROFABRICATED PARTICLE ASSEMBLIES FOR  
VERSATILE CELL PATTERNING 
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ABSTRACT 
This paper reports a unique method to fabricate microstructures made up of polymeric particles which allows spatial pat-

terning of live cells on planar as well as curved surfaces. The technological combination of electrospray and microfabrication 
enables the construction of microporous particulate structures on the cell culturing substrates; while the use of floating elec-
trodes greatly enhances the patterning contrast and leads to superior 3D patterning capacity. 

KEYWORDS: Microparticle, Electrospray, Floating electrode, Cell patterning 

INTRODUCTION
Spatially controllable positioning of living cells has attracted great attention due to the broad applications in fundamental 

cell biological studies [1], cell-based sensing [2] as well as tissue engineering [3]. Researchers have developed a number of 
cell manipulation methods such as optical tweezers, acoustic tweezers, dielectrophoresis (DEP), and hydrodynamic flows. 
Apart from these physical methods, the development of microfabrication technologies in the past decade has largely enriched 
cell patterning methods by introducing precise surface engineering, in which the spatial patterning of living cells is confined
by regulating surface chemistry. Among these methods relying on chemical modification, microcontact printing (CP) along 
with its derivative techniques are most widely used, especially for biomolecule and cell patterning. Although these methods 
have provided plenty of essential insights into cellular functions, cells are often patterned on a planar surface, which is differ-
ent from the situation in physiological environment where cells often reside on 3D substratum (e.g. endothelial cells on the 
inner wall of blood vessel, and epithelial cells on the intestine wall).  

To circumvent this limitation,  we employ standard electrospraying method towards spatial patterning of polymeric 
microparticles. The electric connection states of individual microelectrodes on the collecting surface are controlled to spatial-
ly confine the microparticles. In particular, the floating electrodes are used to enhance the patterning contrast, which allow 
patterning of microparticles on the planar surface or along the vertical direction. The applications of this unique method in-
cluding spatial control of cell adhesion as well as patterning live cells into 3D features are demonstrated. With the superior 
3D patterning capacity and the simple configuration, this work is expected to facilitate the development of biosensing, 
microscale tissue engineering and other microparticle-based total analyses. 

EXPERIMENTAL 
The polymer solution was prepared by mixing 10% (w/w) PCL with acetone. Experimental set-up of the electrospray 

process is shown in Figure 1. A DC voltage bias of 20kV was applied while the PCL solution was pumped through a metallic 
capillary at a flow rate of 1.5ml/hr. Linear and circular interdigitated microelectrodes array fabricated by standard 
photolithography were used as the collecting substrates. Under the electrostatic field, the polymer droplet at the capillary tip
was deformed into a conical shape. When the electrorepulsive force overcame the surface tension, a liquid jet was ejected, 
forming a stream of small and highly charged liquid droplets. The solvent in the droplets evaporated while the droplets were 
flowing towards the collecting surface positioned at 15cm vertical distance from the capillary tip. Polymeric microparticles 
were then formed as the solvent evaporated, and were eventually deposited on the collecting surface (Figure 2). 

(a) (b) 

Figure 1: Experimental setup for 
electrospray process. 

Figure 2: Spatial distribution of microparticles after (b)30s and (c)120s elec-
trospray. The right electrode was grounded while the left electrode was kept 
floating.  Scale bar=200m. 
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NIH-3T3 fibroblasts cells were incubated at 37°C under 5% CO2 atmosphere. The culturing medium was Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum and 1% penicillin/streptomycin. Before 
cell seeding, the glass substrate patterned with microparticles array was incubated at room temperature in a solution of 3% 
bovine serum albumin in PBS for 30 min. Subsequently, the cells were trypsinized from a culture flask and diluted with 
medium to the concentration of 1×106 cells/ml. The cells were then seeded on top of the pretreated porous scaffold.   

After 72 hr culture, cells were fixed and stained with rhodamine-phalloidin for labeling actin filaments (10min, 25°C), 
and 4',6-diamidino-2-phenylindole (DAPI) for labeling cell nucleus (15min, 25°C). Visualization of cell patterning was 
carried out using widefield fluorescence microscope (Eclipse 80i, Nikon, Japan) and confocal microscope (FlouView 
FV1000, Olympus, Japan). Rhodamine-phalloidin was excited at 540nm and the emission wavelength was chosen at around 
625nm. For DAPI, the excitation and emission wavelength was 350nm and 470nm, respectively. The bright field images and 
the associated fluorescent images were overlapped using the NIS-Elements AR software. 

 
RESULTS AND DISCUSSION  

The principle of particle patterning and the role of the floating electrodes were discussed in our previous work [4]. 
Briefly, the collecting substrate with microelectrodes can pattern microparticles due to the locally non-uniform electric field 
they arose; and the floating electrodes can effectively enhance the patterning contrast. In this study, electrospray was 
performed by dividing the microelectrodes into two electrical connection groups. The odd numbered electrodes were 
grounded while the even numbered electrodes were floated from the ground level. Finite element analysis on the electric 
potential in the region close to the collecting surface showed that a potential well with steep slope was formed above each 
ground electrode (Figure 3a), suggesting that in presence of floating electrodes positively charged microparticles may 
experience an electrostatic force pushing them towards the ground electrodes (or away from floating electrodes). The 
modeling results indicated that particles which entered the near-electrode region from the top boundary were repelled by the 
floating electrodes and ultimately deposited on the ground electrodes (Figure 3b). 

 
The patterning capacity was experimentally examined. Most microparticles were deposited on the ground electrodes 

after a 30 sec electrospray, while very few particles were observed on the floating electrodes and the inter-electrode area 
(Figure 2a). The 120 sec electrospray resulted in a similar particle distribution (Figure 2b): the particle density in the inter-
electrode area was significantly lower than that in the electrode area, and the particle density on the floating electrode was 
even much lower. Therefore, it was demonstrated that with the assistance of floating electrodes, microparticles can be 
confined within desired regions with a high patterning contrast. 

The patterned monolayer of microparticles was subsequently used as a substrate to direct cell adhesion. Fluorescent mi-
crographs in Figure 3d&e show the fibroblast cells cultured on a BSA modified particle-patterned surface. The cells were de-
noted by red (actin cytoskeleton) and blue (nucleus) stains. The black solid lines indicate electrodes array and the black dots 
are microparticles. It is shown that after 72 hr culturing the cells were mainly confined to the particle assembly regions, while 
little cell attachment was observed on the region between the particle assemblies.  

It is known that the curve surfaces of the particles increase the surface area. Yap et al. calculated the amount of such in-
crease over the area each particle occupied on the planar surface [5]. They concluded that the particles brought in about 1.81 
times larger surface area, regardless of the size of the particles. This is essentially important for cell adhesion because the in-

(a) (b) 

(c) 
(e) 

Figure 3: 2D particle patterning with the assistance of floating electrodes. (a)-(c)Schematics of cell patterning process.
The yellow circle denote the ground electrodes. The red blocks denote the floating electrodes.(d)&(e) Fluorescent mi-
crographs showing the cell patterning on a planar surface.

(d) 
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creased cell-substrate contact area upgrades the level of integrin recruitment and thus enhances the total amount of focal ad-
hesion per cell. Consequently, the adhesion strength arises and the cell residing on particles assembly is better anchored on its 
underlying substrate, as demonstrated in the current work. 

 
Apart from the high patterning contrast, another benefit of this method is the capability of patterning the particle along the 

vertical direction into a 3D structure. This was illustrated by the SEM micrographs which show the particle assembly after 3 
min  electrospray. As shown in Figure 4a&b, particles were well confined in the electrodes regions. The side wall of the par-
ticle assembly was essentially vertical with a sharp edge. The cross section showed that the width and the thickness of the 
particle assembly have the similar magnitudes (data not shown), giving rise to an aspect ratio of about 1. 

The patterned 3D structure of microparticles was subsequently used as a cell-growth substrate to mimic in vivo extracellu-
lar environment. After 72 hr cultivation on BSA modified surfaces, the 3D cell patterning was examined by fluorescent con-
focal microscopy. The reconstructed confocal images in Figure 4c revealed that cells (denoted by red stain) were able to re-
side on the sloped sidewall as well as the top surface of the microparticle assembly, which was as high as 130 m. In 
contrast, few cells were observed on the planar surface of glass substrate. The curvature and the feature size of 3D substrate 
are tunable by adjusting both the geometry of electrodes array and the electrospray parameters, which is ideal for mimicking 
the growing conditions of the endothelial and epithelial cells in their natural environment. Since PCL is degradable, function-
al bio-system at sub-tissue level such as vasculature endothelial lining and epithelial cell sheets can be easily engineered in 
vitro. 
 
CONCLUSION 

This study reports a unique method to fabricate microstructures made up of polymeric particles for 2D and 3D cell pat-
terning. The technological combination of electrospray and microfabrication enables the construction of microporous particu-
late structures on the cell culturing substrates; while the use of floating electrodes greatly enhances the patterning contrast 
and leads to a superior 3D patterning capacity. This approach presents a convenient way to pattern living cells on a planar 
surface as well as on a 3D substratum, which makes it a powerful tool for applications in fundamental cell study, cell-based 
biosensing and microscale tissue engineering. 
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Figure 4: 3D particle organization and 3D cell patterning. (a)Top view SEM; and (b) Side view SEM. Scale bar: 500m. 
(c) Fluorescence confocal micrograph showing the cell patterning on curved surface of the particle assemblies. Scale bar: 
100m. 

(c) (b) (a) 
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ABSTRACT 
We propose a method to biofunctionalise microfluidic systems for cellomic investigations based on microfluidic 
protocols. The biofunctionalised devices were used to perform cell rolling and investigate tumor cell phenotype 
changes. The strong attention to the modification of the environment by biomolecules (antibodies, proteins or 
carbohydrate and lectins) has encouraged the studies of the cell behaviour in biomimetic environments. The final aim 
of cell rolling investigations is to give etiological explanation of diseases, pathologies and sudden change in cell 
behaviour or cell phenotype and genotype.  
 
KEYWORDS 
Biofunctionalisation, cell rolling, phenotype modifications.  

 
INTRODUCTION 
Many available processes to biofunctionalise surfaces either require expensive and time-consuming protocols or are 
incompatible with the fabrication of microfluidic systems[1].  
Our method differs from the existing since it is applicable to an assembled system, uses few microliters of reagents, 
lasts only few hours and it is based on the use of microbeads. The microbeads have specific surface moieties to link the 
biomolecules used to couple cell receptors and offer the benefit of the multivalent interaction[2]. We functionalised 
the systems with  antibodies able to form complexes with the MHC class I (MHC-I) molecules present on the cell 
membrane, involved in the immune surveillance[3]. 
Such systems are used to roll mice tumor cell lines (RMAs) and change their phenotype. These changes are evaluated 
by FACS analysis and natural killer (NK) cells-mediated citotoxicity assays . The NK are lymphocytes of the immune 
system able to kill target cells lacking MHC-I expression[3]. 
 
EXPERIMENT 
The microfluidic chambers (Figure 1left) were fabricated in PDMS and bond by plasma radicalization to a glass 
substrate.  
Figure 2 shows the  protocols of functionalisation. Just after the plasma bonding (Figure 2-1), 30% APTMS in 
Methanol is injected in the chamber and incubated for one hour at room temperature. The system is then washed by 
injecting DI water for 1 minute, dried by flushing N2 for 3 minutes, and baked in the oven for 2 hours at 120°C (Figure 
2-2); The biotin (2mg/ml), EDC (10mg/ml) and NHS (15mg/ml) in DI water are injected in the microfluidic chamber 
and incubated for 2 hours at 4°C (Figure 2-3). The microfluidic chamber is then washed by injecting PBS for 1 minute; 
Streptavidin beads, 2m in diameter, 1.25% in buffer solution (PBS) are injected in the microfluidic chamber and 
incubated for 1 hour at 4°C (Figure 2-4). The chamber is then washed for 1 minute in PBS; The biotinylated antibody 
(0.1 mg/ml) in PBS is injected in the microfluidic chamber and incubated for 1 hour at 4°C (Figure 2-5); The 
microfluidic chamber is finally washed for 1 minute in PBS. Note that for the biofunctionalisation of the systems not 
integrating microbeads, the protocol used was the same but streptavidin (2mg/ml in PBS) was used instead of 
streptavidin beads.  
To test the microfluidic system, RMAs were rolled in the device to recognise and strip MHC-I molecules. Each 
experiment was performed connecting in parallel two microfluidic systems to a syringe pump, the first chamber was 
opportunely biofunctionalised and the second chamber was used as control (without functionalisation). 350μl of 
sample (1500cells/μl in buffer solution, PBS) were loaded in each microfluidic chamber at a flow rate of 0.5ml/hr  

corresponding to a shear stress of 2dyne/cm2. 
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Figure 1: left: Isometric view of the PDMS microfluidic chamber (1cm wide, 2.5cm long and 35m high). It is plasma 

bonded on a glass slide (25mmx75mmx1mm);  

right: Surface biofunctionalization process 

 

 
RESULTS 

Figure 3-left shows the surface coated by biofunctionalised beads which are distributed uniformly across the surface. 

Figure 3-right shows the selective binding between cells and biofunctionalised beads. 

 

 
Figure 3: Left: Surface coated by streptavidin beads.  

Right:. Cell rolling on a biofunctionalised glass substrate. Cells adhere where antibody-conjugated beads were 

present (an area where the distribution of beads was not homogenous was shown on purpose for demostrating the 

selectivity of the binding between cells and beads: the cells were bond on the beads only). 

 

As result, we showed that cell rolling performed inside a microfluidic chamber functionalized with beads and the 

opportune antibody facilitate the removal of MHC class I molecules.  

We showed that, after FACS analysis, the level of median fluorescent intensity (MFI) of the MHC-I molecules was 

300 for cells treated in a not biofunctionalised surface. It decreased to 275 for cells treated in a flat biofunctionalised 

surface and to 250 for cells treated on a surface where biofunctionalised microbeads were immobilized (Figure 4). 

Figure 5 shows the cytotoxicity assays of cells recovered from biofunctionalised and a not biofunctionalised system 

for effectors(NK)/targets ratios (E:T) equal to 200/1, 100/1, 50/1, 25/1. The cells with reduced expression of MHC-I 

molecules showed after cytotoxicity tests an NK susceptibility 3.5 times higher than not treated cells. 
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Figure 4: Left: Cytofluorimeter analysis performed on cells recovered from not functionalized microfluidic chambers 

(control), microfluidic chambers with flat bottom surfaces functionalised with MHC-I antibodies, and microfluidic 

chambers with immobilised beads on the bottom surface biofunctionalised with MCH-1 antibodies.  

Right: Citotoxycity of cells according to different effector (NK) to target (RMAs) ratios of cell treated in the 

biofunctionalised and control microfluidic chamber 

 

 

CONCLUSIONS 

We demonstrated a flexible biofunctionalisation procedure for microfluidic devices applicable for different studies in 

cellomics. The developed microfluidic systems were biofuntionalized with antibodies to perform cell rolling of tumor 

cells, enhanced by selective biochemical binding of specific cell molecules. The data obtained showed the changes of 

the tumor cell phenotype by a reduction of MHC-I molecules on the cell membrane. We demonstrated that a reduction 

of MHC-I molecules induces an increased NK-mediated immune response against tumor cells. 
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ABSTRACT 
    Negative selection-based circulating tumor cells (CTCs) isolation method can harvest the CTCs in a label-free 
manner that is valuable for the subsequent CTC-based assays. However, such cell isolation scheme normally suffers 
from low CTC purity. To address the issue, the utilization of optically-induced dielectrophoretic (ODEP) force in a 
microfluidic chip to further purify the CTCs was proposed in this study. The working principle was primarily based 
on the fact that operating conditions of ODEP for the manipulation of CTCs (prostate cancer 3 as tested cells) and 
leukocytes were different due to the size difference between these two cells. By fine-tuning the operating conditions 
of ODEP force, cancer cells can be isolated from blood cells in an effective manner. In this study, operating 
conditions of ODEP for manipulation the cells were first investigated. The isolation of cancer cells from cell 
mixtures with different cancer cell purity was carried out. Results revealed that the isolated cancer cells were viable, 
indicating that such CTC isolation process was relatively cell-friendly. Moreover, the proposed CTC isolation 
scheme was proved to be able to isolate cancer cells from the cell mixture with high recovery rate (84%-88%), and 
high purity (82%-89%). As a whole, this study has presented an efficient and effective method for further enhancing 
the purity of CTCs after the conventional CTC isolation process.  
 
KEYWORDS 
Circulating tumor cells (CTCs), ODEP, Microfluidics, Cell isolation, Cell separation 
 
INTRODUCTION 

CTCs, the rare cell species present in the peripheral blood, can be a crucial biomarker for the indication of cancer 
progression and the selection of proper therapeutics. With the recent advance in biomedical technologies, several 
positive selection-based CTC isolation schemes were proposed [1]. For example, briefly, immunomagnetic beads 
surface-coated with antibody recognizing specific CTC surface antigen was utilized to bind and then separate the 
CTCs from the leukocyte (WBC) background. Overall, however, these methods are not able to harvest all possible 
CTCs in a label-free manner for the subsequent CTCs-relevant assays. To address the issue, more recently, a few 
studies demonstrated the negative selection-based CTC isolation schemes, by which only blood cells were targeted 
for depletion leaving behind the un-captured CTCs [2, 3]. Nevertheless, these methods normally suffered from a low 
purity of CTC isolation (1%-20% CTCs in an isolated cell mixture), which could in turn hinder the use of CTCs for 
further biochemical or cell-based assays. To tackle the technical hurdle, this study proposed the utilization of 
optically induced dielectrophoretic (ODEP) force in a microfluidic platform to further purify the CTCs from the 
pre-isolated cell mixture. The working principle is primarily based on the ODEP conditions for the manipulation of 
CTCs and WBCs are different. By fine-tuning the operating conditions of ODEP force, CTCs can be isolated from 
the blood cell background in an effective manner. 
 

DESIGN AND FABRICATION 
Figures 1 (a) and 1 (b) show a schematic illustration and a photograph of the ODEP-based microfluidic platform 

for CTC isolation. Briefly, two inlets were designed for loading the cell-free sucrose solution, and the PC3 
cells/WBC mixture using a syringe pump (with a flow rate of 0.1 µl/min). At the CTC isolation zone, ODEP force 
was applied to separate the CTCs from the WBC background. The two separated cell populations can then be further 
isolated through the control of laminar flow regime in the microfluidic system, and finally collected at the two 
downstream reservoirs. The assembly and cross section of the microfluidic chip is shown in Fig. 2. Structurally, the 
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proposed platform consists of a top PDMS layer (layer A), an indium-tin-oxide (ITO) glass substrate (layer B), an 

adhesive tape with microchannels fabricated by CO2 laser (layer C), and a bottom ITO glass substrate with a layer of 

photoconductive material coated (layer D). Briefly, the layer A was bonded with the layer B with the aid of O2 

plasma treatment, and followed by assembling with the layer D through the CO2 laser fabricated adhesive tape (layer 

C). To generate the ODEP force, a function generator was used to apply AC voltage between the top and the bottom 

ITO layers to produce an electric field. A commercial digital projector coupled with a computer was used to display 

controllable optical images onto the photoconductive material to generate ODEP force for manipulating cells. The 

overall experimental setup is schematically illustrated in Fig. 3. 

 

RESULTS AND DISCUSSION 
The ODEP conditions for the manipulation of CTCs and WBCs are different due to the size difference between 

the two cells. This can be explained through the equation described below.  

FDEP = 2  r
3
εm Re(fCM )▽E

2
                                 

where r, εm, Re(fCM), and E denote the radius of the cells, the permittivity of the sucrose medium surrounding the 

cells, the real part of the Clausius–Mossotti factor, and the root-mean-square value of the electric field, respectively. 

By controlling operating conditions of ODEP force, CTCs can be isolated from the blood cell background. In this 

study, the operating conditions for generating ODEP force for the manipulation of PC3 and WBCs were first 

investigated. A moving-light pattern was used to manipulate these two cells such that they can be isolated. Figure 4 

revealed the relationship between the maximum velocity of the moving-light pattern that can manipulate the cells, 

and the applied electric voltages. Based on this result, the control of the velocity of the moving-light pattern can be 

used to separate the two cells at a given operating condition. To prove this concept, experimental investigations were 

carried out. Briefly, the PC3 cells with different cell numbers were spiked in the WBCs to make up the cell mixture 

samples (total cell number: 5,000 cells; cell density: 5000 cells/µl) with different purity of PC3 cells (1%, 10%, and 

20%; the purity range of negative selection-based CTC isolation methods). The cell mixture suspension was then 

loaded and delivered in the microfluidic platform, and followed by the ODEP force-based isolation process as 

described in Fig. 5. Briefly, the moving-line patterns to generate ODEP force were exerted at the boundary of two 

laminar flows and moved downwards continuously (I-IV) at Area-1, and upwards (V-VII) to separate the two cells 

(VIII) at Area-2. In this operation, the input flow rates of both sucrose solution and cell mixture suspension were 

15µl/hr. Scanning velocities of the light pattern at Area-1 and Area-2 were 57µm/s and 193µm/s respectively. By 

using this process, the PC3 cells and WBCs were separated into two laminar flows and finally collected downstream. 

The collected cells were further identified through cell staining (Fig. 6 (a)). Figure 6 (b) shows that the obtained PC3 

cells are viable, indicating that such CTC isolation process is relatively cell-friendly. Based on the cell staining result 

(Fig. 6 (a)), furthermore, the separation performances including the recovery rate, and the purity of PC3 cells were 

evaluated through cell counting. Results (Fig. 7) demonstrated that the proposed CTC isolation scheme was able to 

isolate PC3 cells from the cell mixture with high recovery rate (84%-88%), and high purity (82%-89%), within the 

experimental conditions explored. As a whole, this study has presented an efficient and effective method for further 

enhancing the purity of CTCs after the conventional CTC isolation process. 

 

CONCLUSIONS 

This study demonstrated an ODEP-based microfluidic system to effectively isolate CTCs from a cell mixture. 

Overall, the proposed method was proved to able to harvest viable CTCs with high recovery rates (84%-88%) and 

high CTC purity (82%-89%). It may provide a promising tool for isolation of CTC for diagnosis and prognosis 

applications. 
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Figure 1: (a) Schematic illustration and (b) a 
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Figure 6: (a) The images of cells under a bright-field 
microscope, stained with immuno-fluorescence dyes 
(Anti-CD45 positive (red): WBC; EpCAM positive 
(green): PC3 cells) and stained with Hoeches dye 
(blue): the nucleated cells), and (b) the collected PC3 
cells stained with live and dead fluorescent dye (green 
and red dots represent live and dead cells, 
respectively). 
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RAPID AND SIMPLE DISCRIMINATION OF CELLS  
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ABSTRACT 
    In this paper, we describe a development of the rapid and simple discrimination system of cells with specific 
surface antigen by immobilization of cells accumulated by positive dielectrophoresis (p-DEP) via effective surface 
immunoreactions and removal of unbound cells by negative DEP (n-DEP). The time required for the determination 
of the surface antigen is decreased to 60 s compared to that required by a cell binding assay using microtiter plates 
(30 min). Furthermore, the present method for a novel cell binding assay does not require pretreatment such as target 
labeling or washing of unbound cells. 

KEYWORDS 
Dielectrophoresis, Surface antigen, immunoreaction, leukemia cells, separation.  

INTRODUCTION
Immunophenotyping, a method in which the presence and proportion of pathogenic cell populations can be 

identified, is useful for early medical diagnosis and prognosis [1]. A common approach is to use fluorescent labeling 
to reveal specific surface antigens on cells; however, these methods are often qualitative, have low throughput, and 
involve several complex steps of modification and washing. Recently, an antibody microarray has been employed to 
detect surface antigens by direct binding of cells to the antibody spot arrays [2]. However, a relatively long 
incubation is still required for antibody arrays because of cell integration at spots.  

Dielectrophoresis (DEP) is attractive for the manipulation of micro- and nano-objects including biological living 
cells and bacteria in a microfluidic device because of its non-contact nature. We recently developed a rapid and 
simple immunosensing system using n-DEP-based accumulation and redispersion of microparticles [3-6]. The 
particles were irreversibly captured on the substrate to form sandwich-type immuno-complexes in the presence of 
specific analytes because the particles modified with the antibody rapidly accumulated and pressed against the 
substrate modified with the antibody by n-DEP. Unreacted particles were automatically removed from the substrate 
by deregulation of DEP. The use of n-DEP manipulation of microparticles allowed separation-free sensing of 
unreacted target molecules within 3 min. 

We applied rapid immunosensing systems based on the particle manipulation with DEP to the surface antigen 
CD33 expressed on HL-60 cell. The use of the p-DEP can reduce the transport time and remove the cell diffusion for 
the capture of target cells by antibodies on electrodes. We positively applied n-DEP to remove non-specific cells 
uniformly from electrodes. The suspension of cells was introduced into the device comprising an upper indium tin 
oxide (ITO) electrode and a lower band electrode modified with an antibody (Fig. 1). When an AC voltage in the 
p-DEP frequency region is applied, the cells are directed toward the band electrode, thereby accelerating the capture 
of cells via immunoreactions. Uncaptured cells were removed to the gap region by n-DEP. Thus, the ratio of 
captured cell could be easily calculated by the cell pattern. 

ITO electrode

ITO-band electrode
anti-CD33 antibody

HL60 cell

CD33

p-DEP

n-DEP

Figure 1. Cross-sectional view of the DEP device and the principle of the present method for detection of surface 
antigens using a combination of p- and n-DEP. 

EXPERIMENT 
A patterning device was constructed with an ITO electrode and an ITO band electrode. The band electrode was 

fabricated by conventional photolithography. Each element was 2 mm long, 12 μm wide, and placed at a distance of 
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50 μm from adjacent bands. We modified the band electrodes with mouse anti-CD33 monoclonal antibody 
(anti-CD33) or goat anti-mouse IgG polyclonal antibody (anti-mouse IgG). The ITO electrode was mounted on the 
band electrode via a 30-μm thick polyester film used as a spacer. 

HL60 cells (CD33+ cells, 4 × 107 cells mL-1) were suspended in DEP medium consisting of 250 mM sucrose and 
adjusted the conductivity to 80 mS m-1 with 250 mM HEPES buffer (pH 7.4) for manipulation of cells by DEP. The 
AC voltage in the p-DEP frequency region (typically 15 Vpp and 10 MHz) was applied between the ITO electrode 
and the band electrode to accumulate cells on the bands. Then, n-DEP (5–15 Vpp and 100 kHz) was used to remove 
the cells from the bands to the gap region. 

We prepared non-specific cells treated with anti-CD33 and used them as CD33-negative cells. Furthermore, the 
cells were labeled with fluorescent molecules (CFDA SE) to distinguish antibody-treated non-specific cells. 
Suspensions of specific and non-specific cells were mixed at different ratios to study the relationship between the 
number of CD33-positive cells in the suspension and the number of cells captured on the band electrode. The cell 
mixture accumulated on the band electrode by p-DEP for 60 s. The binding efficiency of the cells was calculated 
after application of the AC voltage for n-DEP for 180 s. The efficiency was defined as the ratio of the average cell 
density on the band electrode immediately before and 180 s after the AC voltage for n-DEP was applied to remove 
unbound cells. 

 
 

RESULTS AND DISCUSSION 
Dielectrophoretic patterning with HL60 cells was studied using a patterning device consisting of an ITO 

electrode and a band electrode without antibody immobilization. The cells dispersed randomly in the channel (Fig. 
2A) rapidly accumulated on the band electrode within 5 s (Fig. 2B) of the application (10 MHz). After the frequency 
was switched to 100 kHz, most of the cells moved toward the gap region within 10 s because of the repulsive force 
caused by n-DEP (Fig. 2B–2D). Moreover, the formation of line patterns reproduced as the frequency was switched 
between p- and n-DEP. The results clearly indicated that the different cell patterns could be easily created by 
applying voltages of different frequencies.  

Figure 2E shows the cross-sectional area of the electric field formed in the patterning device calculated from 
digital simulation in which a voltage is applied to the ITO electrode and the band electrode. Regions with high 
electric field were found in areas at the edge of the bands (areas labeled as P in Fig. 2E). Thus, the suspended cells 
moved to area P when the AC voltage in the p-DEP frequency region was applied. However, regions with low 
electric field were found in the gap region between the band electrodes (areas labeled as N in Fig. 2E). These results 
indicated that the application of the AC voltage in the p- or n-DEP frequency region to the electrode forced the cells 
to move to areas P or N, which was in good agreement with the experimental results (Fig. 2A–2D). 
 

5 s

15 s7 s

50 μm

0 s(A) (B)

(C) (D) band electrode

P N

(E)

0 50− 50 100 150− 100−150 μm
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band 
electrode

5004003002001000

 
Figure 2. Series of optical images showing cell manipulations by p- and n-DEP (A) before and (B) 5 s after the 

application of the AC voltage (intensity: 15 Vpp, frequency: 10 MHz) for p-DEP manipulation and (C) 2 s and (D) 10 
s after the frequency was switched to 100 kHz for n-DEP manipulation. (E) Cross-sectional view of the numerically 

calculated electric field. 
 

We investigated the number of cells accumulated on the band electrode using cell binding efficiency. Figure 3 
shows the optical images of cells accumulated on the band electrode (Fig. 3A) and the captured cells after the 
separation of unbound cells by n-DEP (Fig. 3B and C). Uniformly dispersed cells initially started to move toward the 
band electrode to form line patterns by the p-DEP force (Fig. 3A). The number of cells attracted to the bands 
increased with the duration of voltage application and saturated within 5 s.  

Removal of cells was markedly inhibited by the use of band electrode modified with anti-CD33, which 
corresponded to the CD33 surface antigen expressed on HL60 cells. When the cells accumulated on the band 
electrode modified with anti-mouse IgG, almost all the cells moved to the gap region after the frequency was 
switched to n-DEP region frequency after 60 s (Fig. 3C). In contrast, some cells accumulated on the band electrode 
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modified with anti-CD33 remained even after the frequency was switched for n-DEP (Fig. 3B). These results 
suggested that the cells with CD33 surface antigens react with the antibodies to irreversibly capture at that position. 
The number of cells on the band electrode rapidly decreased within 30 s after the frequency was switched and then 
reached a steady-state value. The cell binding efficiency was estimated from the steady-state value and found to be 
46.9 ± 3.4%. Slight undesired binding originating from the non-specific adsorption was observed on the bands 
modified with anti-mouse IgG (8.7 ± 1.5%). Time as short as 30 s was required for removing unbound cells. 
Therefore, the cells with CD33 cell surface antigens can be rapidly identified from the cell suspension by spatial 
separation based on immunoreaction and manipulation by DEP. 

100 μm

(A) (B) (C)

 
 

Figure 3. Images of cells patterned by p-DEP and n-DEP. (A) Cells accumulated on the band electrode by p-DEP. 
(B) Cell pattern captured on the band electrode modified with anti-CD33 after separating unbound cells by n-DEP. 

(C) Cell pattern captured on the band electrode modified with anti-mouse IgG after separating unbound cells by 
n-DEP. Conductivity of the medium: 80 mS/m; applied voltage and frequency for p-DEP: 15 Vpp and 10 MHz; 

applied voltage and frequency for n-DEP: 5 Vpp and 100 kHz; duration of voltage application p-DEP and n-DEP: 60 
and 180 s. 

 
Mixtures of HL60 cells specific and non-specific to anti-CD33 were used to determine the number of cells 

captured to the band electrode modified with anti-CD33. Figure 4A and B show photographs obtained by combining 
optical and fluorescent images, which were obtained 180 s after the switching of the direction. Almost no 
non-specific cells with a fluorescent signal were captured on the band electrode, whereas the specific cells were 
captured on the band electrode, even in the presence of treated cells (Fig. 5B). Figure 5C shows the ratio of cells 
captured on the band electrode. The ratio of the captured cells linearly increased with the increasing ratio of specific 
cells in the prepared mixture suspension. The results indicated that the presence of the cells without the target 
antigen does not obstruct specific cell binding from detecting cells with surface antigens. Furthermore, the linear 
relationship could be useful to determine the present ratio of cells with surface antigen in the suspension.  
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Figure 4. Cell binding to the band electrode modified with anti-CD33 from mixed suspensions of specific and 

non-specific HL60 cells. Treated cells were stained with a fluorescent molecule (CFDA SE). Photographs were 
obtained by combining the optical and fluorescent images. Initial ratios in the original suspensions were set at (A) 

0% and (B) 50% of the specific cells. (C) Ratio of the cells captured on the band electrode. 
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ABSTRACT 

Size-based inertial microfluidic sorters have been proposed to be an alternative blood cell separation technique, since 
they minimize the artificial alteration on cellular phenotypes by eliminating the long-term exposure of sensitive blood 
cells in nonphysiological conditions. However, the available separation resolution and the cell dispersion issue have been 
limiting the direct application of the technique to real-world samples. In this work, we demonstrated a novel design of 
spiral microchannel with higher separation resolution and its ability in isolating leukocytes from human blood with high 
accuracy for up to 2% hematocrit samples with negligible effect on activation profile of sorted cells.  

  
KEYWORD 

RBC removal, inertial microfluidics, spiral, trapezoid cross-section 
 

INTRODUCTION 
Red blood cells (RBC) or erythrocytes are the most abundant cell component in many biological fluids, including 

blood (where it makes up ~45% of the volume), bone marrow aspirate and peritoneal aspirate. Depletion of 
contaminating RBCs from those samples is often an indispensable sample preparation step before the application of any 
scientific, clinical and diagnostic tests [1], while avoiding artificial alteration on the phenotypes of sorted cells is an 
important criterion for all studies. This is especially important in the case of removing RBCs from human blood to isolate 
leukocytes, which play a key role in carrying out and mediating the immune response to various pathogens. The 
information extracted from the isolated leukocytes would be meaningful to facilitate disease prognosis only when the key 
features of leukocytes’ original state are not masked by the sample preparation artifacts. However, several cases have 
been reported that the conventional methodologies for blood cell separation on the macroscale, including differential 
centrifugation and selective erythrocyte lysis, could result in altered imuno-phenotype [2, 3] or impaired viability [4, 5] 
of the isolated white blood cells (WBCs). Meanwhile, passive continuous microfluidic separation techniques utilizing the 
size-dependent hydrodynamic effects [6-8] have been considered as an alternative approach to bypass the issues 
associated with macroscale blood cell separation methods. In this work, we improved the separation resolution of 
curvilinear microchannel while maintaining the high-throughput feature by modifying the channel cross-section to be 
trapezoidal rather than rectangular, and demonstrated its ability for efficient RBC depletion from human blood sample 
with negligible effect on PMN immune-phenotype as compared to selective erythrocyte lysis method.  
 
DESIGN PRINCIPLE 

One major challenge of utilizing spiral microchannel in blood cell separation lies in the limited separation resolution 
and capacity of holding vast number of RBCs without affecting the separation efficiency. To accommodate the samples 
with higher hematocrit, we need to increase the spacing between equilibrium positions. Our approach is to modify the 
spiral microchannel cross-section into a trapezoid with higher channel depth on the outer channel wall (Figure 1A). The 
asymmetry of trapezoid cross-section alters the shape of velocity field and results in formation of strong Dean vortex 
cores skewed towards the outer wall with larger channel depth even at relatively low flow rates. Therefore, while in 
spiral with rectangular cross-section the interplay between inertial lift force and Dean drag force leads to the focusing of 
large particles close to the inner wall and the trapping of small particles at the core of Dean vortices located at the center 
of channel width, the modified velocity field of spiral with trapezoid cross-section leads to a greater shift for small 
particles towards the outer wall without affecting the focusing position of large particles, thus providing a greater 
difference in equilibrium positions between them, resulting in higher separation resolution (Figure 1B-E). The trapezoid 
cross-section also has an impact on the size- and flow-rate-dependence of particle focusing.  In a rectangular cross-
sectional spiral, particles with !!!!! ! !!!" (!! and !! indicates particle diameter and microchannel hydraulic 
diameter, respectively) initially focus near the inner channel wall at low !"! (Channel Reynolds number), and then move 
towards the outer wall as !!! increases. When !"! is sufficiently high, Dean drag force dominates the particle behavior 
leading to defocusing of particles. Interestingly, while the particle behavior of trapezoid cross-section spiral displays a 
similar focusing-defocusing dependence on !"!, an additional regime featured by the trapping of particles within the 
outer half of channel cross-section was observed when !"! increased further (Figure 2). Moreover, the flow rate required 
to trap particles increases with particle size, making the isolation of particles within a specific size range feasible. 
Moreover, the trapping location is independent of the particle size and remains constant for all the particles tested in this 
work. The exact mechanism of particle trapping under high !"! remains elusive.  
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Figure 1 Design principle of spiral channel with trapezoid cross-section. (A) Schematic (not to scale) of spiral 

channel with trapezoid cross-section illustrating the operation principle. Schematic (not to scale) and average composite 
fluorescent images indicating the inertial focusing of 10 µm (white) and 6 µm (red) beads in (B) spiral channel with 
rectangular cross-section of 500 µm !  90 µm (!!!) under optimal flow rate: 1 ml/min (Dean number, !" ! !!!"); 
(C) spiral channel with rectangular cross-section of 500 µm !  120 µm under optimal flow rate: 2 ml/min (!" ! !!!"); 
(D)  spiral channel with trapezoid cross-section of 500 µm width, 70 µm (inner) and 100 µm (outer) depth under optimal 
flow rate: 0.8 ml/min (!" ! !!!!).(E) spiral channel with trapezoid cross-section of 500 µm width, 90 µm (inner) and 
120 µm (outer) depth under optimal flow rate: 0.8 ml/min (!" ! !!!").  

 
Figure 2 Top-down view images demonstrating the focusing behavior of fluorescent particles as a function of flow 

rate (Q) inside spiral channel with trapezoid cross-section of 500 µm width, 70 µm (inner) and 100 µm (outer) depth. (A) 
15.5 µm particles; (B) 10 µm particles; (C) 6 µm particles. Yellow lines indicate the position of channel walls, while the 
inner channel walls were shown on the top side of the images. 
 
DEVICE PERFORMANCE ON HUMAN BLOOD SAMPLE 

The optimized PDMS device for RBC removal developed consists of a 1-inlet, 2-outlet spiral microchannel with 
trapezoid cross-section of 500 µm width (485.00 µm ± 2.31 µm), 70 µm (inner wall, 72.84 µm± 1.16 µm) and 100 µm 
(outer wall, 102.65 µm ± 3.55 µm) depth. Near the outlet region, the 485 µm wide channel was split into two outlet 
channels with a channel width ratio of 3 : 7 (inner : outer), while their channel lengths were adjusted to be equal with 
each other. We defined the inner outlet to be the WBC outlet with RBC-depleted sample and the outer outlet to be the 
RBC waste. The optimal flow rate was experimentally determined to be 0.8 mL/min (!"! ! !!!!"!!" ! !!!!). PMNs 
and MNLs isolated via centrifugation using Moly-Poly Resolving Medium (MP-RM) were injected through our device 
separately to determine their equilibrium positions inside the channel (Figure 3A). The optimal performance was 
achieved for 0.5% hematocrit blood sample with ~95% RBC removal and 98.4% of total WBC recovery (99.4% PMN 
recovery and 92.4% MNL recovery) after a single pass (Figure 3B). Further increase in input sample hematocrit would 
cause a decrease in both RBC removal and MNLs recovery but the total WBC recovery and PMN recovery remained 
relatively stable.  Up to 1.5% hematocrit, the device can still achieve 86.8% RBC removal and 96.2% of total WBC 
recovery. A 2-stage process, where the output sample from WBC outlet of the 1st run was used as the input of 2nd run 
without any dilution, can be fashioned to achieve high RBC removal while maintaining good WBC recovery for 
1%~1.5% hematocrit sample (Figure 3C, D). In addition, given the high sensitivity of white blood cells to external 
stimuli, we compared the effect of different RBC removal techniques on the expression level of cell surface marker, 
CD18, which is a classical activation marker for PMNs. As shown in Figure 3E, both spiral process and centrifugation 
using MP-RM had negligible effect on PMN activation, whereas the RBC lysis method increased the percentage of 
activated PMNs significantly, questioning the validity of information extracted from WBCs isolated via selective 
erythrocyte lysis method. 
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Figure 3 Characterization of blood cells in spiral channel with trapezoid cross-section. (A) Normalized intensity line 

scan indicating the distribution of polymorphonuclear leukocytes (PMLs), mononuclear leukocytes (MNLs) and RBCs 
(0.1% hematocrit) across channel width at 0.8 ml/min. (B) Single-pass recovery percentage of total WBCs, PMNs, MNLs 
and RBCs at different hematocrit. Recovery percentage of 1% hematocrit (C) and 1.5% hematocrit (D) input sample 
after processed by trapezoid cross-sectional spiral in a 2-stage cascade manner. (E) Comparison of PML activation by 
spiral and other RBC removal techniques, such as density centrifugation (MP-RM) and RBC lysis, based on FACS 
analysis of CD66b+ CD18 + cells. Error bars represent standard deviation of results from three tests. 

 
CONCLUSIONS 

In this work, we developed a novel high throughput RBC removal technique using trapezoid cross-sectional spiral, 
which provides higher resolution separation as compared to rectangular cross-section with similar dimensions and 
showed no effect in activation profile of isolated PMNs. While many other size-based separation methods, especially 
those with membranes or pillars, have limited operation times and low throughput due to the clogging issues, our device 
works in a clogging-free continuous mode. Besides, compared to other types of continuous cell separation methods, such 
as “deterministic lateral displacement” [7] and pinched flow fractionation [8] techniques, our spiral microchannel 
functions at high operation flow rate (~mL/min) with large channel dimension accommodating the abundant RBCs (up to 
~2% hematocrit), and thus possesses high throughput and is amenable to process blood samples. We envision that the 
novel trapezoid cross-sectional spiral microchannel developed can be used as a generic, high-throughput method for 
removing erythrocytes and enriching target cells from other biological fluids, such as in the harvesting mesenchymal 
stem cells (MSCs) from bone marrow aspirates. 
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ABSTRACT

A microchip with multiple rows of micropillar arrays along the spiral-channel, in which plasma and various blood 
cells with different sizes could be separated or enriched simultaneously, has been achieved. The proposed method 
combines crossflow, centrifugation and size-selective separation approaches. Specially, a 40μm-high step is designed 
between the inner and middle channel, which can enhance the separation efficiency. In the chip with the splitlevel 
channels, the number of RBC gathered from inner outlet is decreased significantly, and the collected plasma volume is
increased, compared to those in the isobathic one. 

KEYWORDS: Microfluidic, Separation, Spiral channel, Blood
 
INTRODUCTION

Blood tests are burgeoning into irreplaceable clinical trials methods, which are easily accessible and representative of 
complex patientpathologic states. However, depending on different diseases, a series component analysis of blood 
requires constituents’ separation before testing and diagnosing. For the sake of speedy, precise and reagent-saving 
separation, a wealth of emphasis is put on microfluidics technologies, and various miniaturized separation devices have 
been developed for clinical analysis and biological experiments [1]. The reported methods include pinched flow injection 
[2], hydrodynamic filtration [3], bifurcation [4], centrifugation [5], etc. In our former work [6], the barrier of blood cell 
and plasma separating has been removed. Drawing on that, a device, in which red blood cells (RBCs), white blood cells 
(WBCs) and plasma can be separated in the blood, is presented.

APPROACH

Figure 1: The Schematic diagram of the separation chip. (A) The top view of the separation chip working principle; (B) the 
cross-section of the separation microchannel, which is divided into three microchannels by upright micropillars;(C) the 
assembled schematic diagram of the separation chip; (D) the step located between inner and middle channel.

The schematic view of the prototyping separation device for separating plasma, RBCs and WBCs, is shown in Fig. 1. 
The main spiral-channel is divided into three sub-channels (inner, middle and outer channels) by pillar arrays. The height 
of the first and second micropillar arrays are 40μm and 80μm, respectively. The width of the main channel is 270μm. The 
inner, middle and outer channels are 40, 80 and 80μm, respectively. The gap of the first row pillar arrays is 3μm and that 
of the second row pillar arrays is 1.7μm. The whole size of packaged device is 10mm×5mm×5mm. With the aid of two 
parallel pillar rounds seated in the inner-middle channel and middle-outer channel, the WBCs stay in the inside channel, 
while the RBCs are gathered from middle and plasma from outer. Specially, a 40μm-high step (shown in Fig. 1 (B)) is 
designed between the inner and middle channels, which can improve purity of WBCs collection. By virtue of the step, the 
difference of pressure between the inner and middle channels is bigger than that of the isobathic chip. Increased amount 
of RBCs would be driven by inertia to the pillar arrays and pass through the gaps to reach the middle channel. The 
principle of the improvement is elaborated below aided by simulation.

According to equation of continuity of 
incompressible fluid, by using Fluent to verify the 
device design, the model of steady laminar flow 
with material constant set as blood plasma is
employed. Different inflow boundary conditions 
are carried out for comparison of the isobathic and 
splitlevel chip. At the inlet, the velocity and the 
pressure are the same, 0.00207m/s and 1.02×105

Pa, respectively. As the result of the simulation
shown in Tab. 1, the flow of inner channel is 50.5%
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in isobathic chip, but that of splitlevel chip is decreased to 31.3%. In contrast, the flow of middle and outer channel 
increased from 49.5% (isobathic chip) to 68.7% (splitlevel chip). Under the same pressure, the flow of the outer and 
middle channels in the splitlevel chip sharply increases, whereas the flow of the inner channel remains almost constant,
which is good for WBC gathering. Fig. 2(A) and (B) show the pressure distribution at the medium height under boundary 
conditions of velocity inlet. In terms of pressure analysis, it illustrates that the pressure in every channel along radial
direction decreases, especially at the gap, which plays a key role in blood separation.

 
Figure 2: The simulation results. (A) The simulation result of pressure in isobathic chip at the section of 30μm; (B) the simulation 
result of pressure in splitlevel chip at the section of 30μm; (C) the difference of pressure between the first gap array in two kinds of
chip; (D) the cross section of stream line at the step of splitlevel chip .

In velocity inlet model, the average pressure of isobathic chip is 550Pa, whereas that of the splitlevel chip is 367Pa,
which decrease the flow resistance. The comparison between the different pressures located at the gap region of the two 
kinds of separation chip show in Fig. 3(C). It means that the pressure located at gap region of the splitlevel chip 
outweighs the isobathic chip, especially in the first loop. The simulation results of the differential pressure essentially 
explain that the more flow through gaps in the latter design than the former. As seen in Eq. 1, ∆𝑝 , differential pressure 
between inlet and outlet, includes two pressure differences

∆𝑝 ≈ ∆𝑝1 + ∆𝑝2 = (3𝛼𝛼
2ℎ3

𝐿 + 𝛽𝛽)𝑄1                             (1)
∆𝑝1 , which is in line with ∆𝑝 in poiseuille flow, is pressure drawdown due to frictional resistance; ∆𝑝2 is pressure 
losses through the gap and proportional to the flux of gaps, which illustrated as ∆𝑝2 = 𝛽𝑄2. 𝛽 is a form factor. In terms 
of two-dimensional poiseuille flow, ∆𝑝 can be expressed as ∆𝑝 = 3𝛼𝜇

2ℎ3
. µ is viscosity coefficient, while Q is flow. ℎ is 

the depth of the channel. For our case, 𝛼 is a constant value in isobathic and splitlevel chip. 𝐿 stands for the length of 
channel. However, the ∆𝑝1 is expressed as ∆𝑝1 = 3𝛼𝛼𝜇1

2ℎ3
𝐿. Reynolds number in our chip is calculated as 𝑅𝑅 = 𝜌𝜌𝜌

𝛼
=

0.078, which affords viscous force significantly compared with inertia force. 𝑄1 is the total flux of middle and outer 
channel, while Q2 is the flux of the sample passing through gaps. The relationship between 𝑄1 and 𝑄2 is declared as 
𝑄2 = 𝛽𝑄1. 𝛽 varies with the position of the gap. Based on deducing above, Eq. 1 is rewrited as

                              ∆𝑝 ≈ ∆𝑝1 + ∆𝑝2 = (3𝛼𝛼
2ℎ3

𝐿 + 𝛽𝛽)𝑄1                                (2)
Providing that （∆𝑝）1 = （∆𝑝）2, ℎ𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑖𝑖 < ℎ𝑆𝑝𝑙𝑖𝑡𝑙𝑅𝑣𝑅𝑙, the total flux of middle and outer channel in two kinds of chip 

has a relationship as  (𝑄1)𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑖𝑖 < (𝑄1)𝑆𝑝𝑙𝑖𝑡𝑙𝑅𝑣𝑅𝑙 . Based on the analysis above, it is clear that (𝑄2)𝑖𝑖𝑖𝑖𝑖𝑖ℎ𝑖𝑖 is less 
than (𝑄2)𝑆𝑝𝑙𝑖𝑡𝑙𝑅𝑣𝑅𝑙. This consolidates that the deepened modification of design gives the latter chip a competitive advantage
in separating efficiency. The results of simulation and theory analysis are in accordance with the testing results.

FABRICATION
Fabrication of the microfilter is schematically summarized in major process steps in Fig. 3. The substrate is silicon. 

DRIE process is used to etch the microchannels with different depths. The glass wafer is anodically bond with the silicon
wafer to encapsulate the microchannels. A PDMS layer is attached on the backside of the chip in order to realize the chip 
packaging and plumbing. SEM (scanning electron microscope) pictures and an optical picture of the packaged chip are
shown in Fig. 4.

Figure 3: The schematic of micro fabrication process for separation microfluidics chip
RESULTS AND DISCUSSION

The separation chip was characterized by injecting microbeads solution and diluted human blood. The flow rate was 
8.1μl/min, controlled by a syringe pump. The performances of the filter were evaluated qualitatively through an optical 
microscope during separation, shown in Fig. 5(A) and (B) respectively. Fig. 5(A) illustrates that the polystyrene (PS) 
microbeads with diameter of 1.5μm selectively pass through the gaps among the first row of micropillars, while a mass of 
PS beads reached the middle channel in Fig. 5(B). The phenomenon proved the rationality of the design. Avoiding the 
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risk of channel blocking, the whole human blood diluted by 20 times with 0.9% NaCl physical saline before the 
experiment. To make the surface of channel hydrophilic, 0.1% Pluronic F-127 solution was guided to flush the separation 
channel in more than fifteen minutes at the speed of 1ml/min. After 20 times diluted by solution of NaCl (0.9%), the 
testing sample of blood contained 2.63×1011/L RBCs and 2.48×108/L WBCs. After separation, about 8.12×1011/L RBCs 
gathered in inner and middle outlets of the isobathic chip. The concentration of WBCs in inner channel was 7.34×108/L.
However, 95μl plasma flowed to the outer channel (shown in Fig. 5(C)). Comparatively, in the splitlevel chip, the values
of WBCs in inner channel, RBCs in middle channel and plasma in outer channel were 1.24×109/L, 6.31×1011/L and 110μl, 
respectively (shown in Fig. 5(D)). The differences of separation results in those two kinds of chips were shown in Tab.2.
In the chip with the splitlevel channels, the number of RBCs gathered from inner outlet was decreased to 8.87% of value 
from the isobathic one. Furthermore, the collected plasma volume was 44%, compared to 39% in isobathic one. 

Figure 4: SEM of the chip. (A) Top view of the chip; (B) micropillars with micro-gap; (C) the step of splitlevel chip; (D) separation
chip after package.

Tab. 2 The results difference in two kinds of chips

WBCs in Inner channel RBCs Middle Plasma in Outer channel

Isobathic spiral channel chip 7.34×108/L 5.02×1011/L 95μl
Splitlevel spiral channel chip 1.24×109/L 6.31×1011/L 110μl

 
Figure 5: The testing results. (A)The result of 1.5μm PS beads experiment in isobathic chip; (B) the result of 1.5μm PS beads experiment 
in splitlevel chip. (C) the result of the whole blood experiment in isobathic chip; (D) the result of whole blood experiment in splitlevel
chip;

CONCLUSION
In this paper, a silicon-based microfluidic spiral filters, constituted by double pillar arrays, crossflow and

splitlevel-channel has been investigated. RBCs, WBCs and plasma were successfully separated from the blood in this 
device. The design of the splitlevel channels has efficiently increased the purity of WBCs and separated value of plasma.
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RESULTS AND DISCUSSION 
Characterization of the prepared PIPAAm brush grafted surfaces was summarized in Table 1.  Amount of 

grafted PIPAAm, indicating PIPAAm brush length, were increased with feed IPAAm monomer concentration.  

Estimated graft density exhibited a relatively higher value (>0.1 chains/nm
2
), indicating that ATRP reaction formed 

densely packed PIPAAm brush on glass substrates.  

 

Table1. Characterization of PIPAAm brush  

 

Figure 2 show the cells morphology on prepared-PIPAAm-brush-grafted surfaces and Figure 3 shows cell 

adhesion and detachment profiles on the prepared surfaces. On short PIPAAm brush grafted surface, four types of 

human cells adhered with comparable adhesion rates.  However, the recovery rate of adheres cells was relatively 

low, because the hydration of grafted short PIPAAm brush was insufficient for cell detachment.  On the contrary, 

long PIPAAm brush grafted surface, almost all cells were unable to adhere, because the relatively higher hydrophilic 

PIPAAm brush suppressed the adhesion of these cells.  PIPAAm brush with a moderate brush length, four types of 

cells was able to adhere and detach after incubation at 20 °C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cells morphologies on PIPAAm brush grafted surfaces at 37 °C (hydrophobic) and 20 °C (hydrophilic). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cell adhesion and detachment profiles on the PIPAAm brush surfaces 

IPAAm monomer in ATRP 

(mmol/L) 

Amount of PIPAAm 

(µg/cm2) 

Molecular weight 

(Mn) 

Grafted density 

(chains/nm2) 

500 0.39 8200 0.29 

875 0.76 12800 0.36 

1000 1.29 15600 0.50 
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Additionally, PIPAAm brush with a moderate brush length exhibited the different cell detachment rates among 

individual cell types.  The difference in the detachment ratios among cells was speculated to be applicable to a good 

cell separation. 

Using the moderate length of PIPAAm brush, a mixture of GFP-HUVEC and HSMM was allowed to adhere on 

the surface at 37 °C, and then to be recovered at 20 °C (Figure 4). GFP-HUVEC detached from the surfaces 

promptly at initial incubation at 20 °C, and then HSMM gradually detached, indicating that the high ratios of 

HUVEC and HSMM were obtained in the initial and subsequent periods of 20 °C incubation, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thus, precisely designed PIPAAm brush was able to separate cells by the utilization of different detachment 

properties of cells from the surfaces. The prepared surfaces would be useful as microfluidics or cell separation 

chromatography matrices. 

 

 

CONCLUSION 
Dense PIPAAm brushes having various brush lengths were grafted onto glass surfaces, and these prepared 

surfaces were utilized for cell separation.  On moderate PIPAAm brush surfaces, four types of cells were able to 

adhere and detach themselves after incubation at 20 °C.  Using the surface, a mixture of GFP-HUVEC and HSMM 

was allowed to be separated by changing temperature. Thus, precisely designed PIPAAm brush was able to separate 

cells by the utilization of different detachment properties of cells from the surfaces. 
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ABSTRACT 

We develop a microfluidic cell separation method which combined microfluidic devices and multifunctional Euglena.  
Multifunctional Euglena for cell separation was successfully prepared by the surface modification of Euglena cell membrane 
and its performances were confirmed.  Mutlifunctional Euglena in the inlet attached cells, migrated inside the microchannel 
by phototaxis towards the outlet chamber, and brought specific cells to the outlet.  After moving to the outlet, cells in the 
outlet were detached from Euglena.  Since it is based on the unique characters of Euglena, our method needs only simple 
device and can deal with small to large amount variety kinds of samples including cells. 

KEYWORDS: Microdevice, Euglena, cell separation, surface modification 
 

INTRODUCTION
A cell separation technique is significantly important in the clinical diagnosis and the regenerative medicine.  

Fluorescence activated cell sorter (FACS) and magnetic beads activated cell sorter (MACS) have been employed in the cell 
separation as well as the centrifugation method.  In deed, FACS and MACS play significant role in especially separation of 
specific cells.  However, these methods require high cost and skillful technicians.  In addition, MACS can not deal with a 
large amount of cells.  Therefore, development of a new cell separation method still has been demanded, which enables ease, 
low cost, highly specific and from large to minute amount cell handling depending on the purpose.  Since we have reported 
cell separation with multifunctional Euglena [1], we have been attempting real cell separation with our developed method.  
In this paper, we introduce our recent results, especially cell separation in blood cells. 

PRINCIPLE 
The principle of cell separation with Euglena is shown in 

Figure 1.  For separation of target cells, we prepared 
surface modified Euglena, which can carry only the target 
cells, and utilized Euglena’s phototaxis.  This surface 
modified Euglena forms Euglena-target cell complex when 
Euglena is added into the sample.  After this sample is 
injected into the inlet of straight microchip and is exposed to 
light, Euglena-target cell complex starts to migrate toward 
the opposite side of inlet and cell separation could be 
attained.   

 
EXPERIMENTAL 

Poly(dimethylsiloxane) (PDMS) straight microchannels 
of different size were prepared by the soft lithography 
method.  The microdevice for cell separation as shown in 
Figure 2 was prepared by bonding glass plate and PDMS 
straight channel.  The microdevice surface was treated with 
1.0wt% bovine serum albumin solution to reduce adsorption 
of Euglena and cells onto the microdevice surface.  The 
surface modification of Euglena was performed according to 
Iwata et al and Nagamune et al’s paper [2, 3].  The surface 
modification was confirmed by the confocal laser 
fluorescence microscopy and spectrofluorometer.   

 
 
 

Figure 1. Principles of cell separations with Euglena 

Figure 2. Picture of the microdevice for cell separation 
Microchannel height, length and width are 50 m, 5 cm 
and 50 m, respectively. 

1 cm 
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RESULTS AND DISCUSSION 

Apparent velocities of Euglena were measured with 

different width microchannels, different wavelength of 

the light, and different light intensity.  Figure 3 indicates 

that the apparent velocity depended on the microchannel 

width.  Similarly, apparent velocity also depended on 

the wavelength of light and light intensity as shown in 

Figure 4 and Figure 5.  These dependencies are thought 

that Euglena was made go straight in the narrower 

channel and has phtotaxis depending on the wavelength 

of light and light intensity.  

The surface modification of Euglena was attempted 

with fluorescein-5-isothiocyanate (FITC) conjugated 

molecules and was confirmed with the confocal laser 

fluorescence microscopy and the spectrofluorometer.  

The confocal laser fluorescence microscopy image in 

Figure 6 shows that Euglena surface was successfully 

modified with FITC.  In addition, stability of the surface 

modification was accessed with the spectrofluorometer.  

Figure 7 indicates that stable surface modification of 

Euglena was successfully attained with these methods 

though a small amount of immobilized FITC conjugated 

molecules was gradually detached from the Euglena 

surface.  Furthermore, the viability tests of Euglena after 

surface modification were performed and revealed that 

these surface modification methods have no significant 

damage on the viability of Euglena.  Therefore, these 

surface modification methods permit us to prepare 

multifunctional Euglena with ease and short time.  

  Finally, we attempted to separate stimulated cell, which 

is biotin modified fluorescence polymer particles, with 

stereptavidin modified Euglena.  The results indicate that 

separations of stimulated cells and purification of them up 

to 90% were attained.  In addition, after the separation, 

stimulated cells binding Euglena were detached from 

Euglena.  Thus, with the surface modified Euglena, we 

can easily separate and obtain target cells from other cells.  

Furthermore, we attempted to separate real cells in blood.  

Figure 8 shows that surface modified Euglena can carry the 

cells in the blood.  Though this is preliminary results, our 

method could deal with small to large amount of variety 

kinds of sample because our method requires only surface 

modified Euglena and light irradiations. 

 

 

 

 

CONCLUSION 

We successfully developed a new separation method with multifunctional Euglena and the microdeivce.  We revealed 

that culture conditions (not described in this manuscript), microchannel width, the wavelength of light and light intensity 

largely affect the separation efficiency in our developed method.  Our developed method requires only multifunctional 

Euglena, light irradiation and the microdevice.  Therefore, our developed method permits us to separate cells with ease, low 

cost and high specificity and would be useful in bed side.    

 

Figure 3. the dependency of the apparent velocity of  

Euglena on the microchannel width 
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Figure 4. the dependency of the apparent velocity of Eu-

glena on the irradiated light wavelength 
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Figure 5. the dependency of the apparent velocity of Euglena 

on the  light intensity 
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Figure 6. Confocal microscopy and microscopy imag-
es of Euglena modified with FITC molecules. 
Scale bar: 20 m 
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Figure 7. Stability of surface modification 
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Figure 8. Microscope images of (A) swimming Euglena  
in blood and (B) the complex between antibody  
immobilized Euglena and lung cancer cell 
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MICROCHIP FILTER USING 3-DIMENSIONAL FLOW FOR RARE 
CELLS SEPARATION  

 
June-Young Lee, Hui-Sung Moon, Tae Seok Sim, Minseok S. Kim, Hyoyoung Jeong, Yeon Jeong 

Kim, Jeong-Gun Lee, Sanghyun Baek, Jin-Mi Oh, Hun Joo Lee, Jea Chan Park, Nam Huh and Soo 
Suk Lee 

 
Samsung Advanced Institute of Technology (SAIT), Republic of Korea 

 
ABSTRACT 

This paper describes a novel microchip filter device incorporating slit arrays and 3-dimensional flow that can 
separate rare cells with high efficiency and throughput. The proposed device has several tens of times increased 
throughput, and has a unique pressure distribution along the filter pore, inducing target cells to be captured and 
gently lined up at the end of the slit in relatively low shear stress condition. With the enhanced capture yield and 
throughput, the proposed device can be used as an efficient rare-cell-analyzing tool for blood-based diagnostics. 
 
KEYWORDS 
Rare cells, Filter, 3-D flow  

 
INTRODUCTION 

The separation of the rare cells from a larger population is widely used for blood-based diagnostics [1, 2]. For 
instance, the presence of circulating tumor cells in peripheral blood is expected to be an important indicator of the 
potential metastatic disease which are responsible for over 90% of cancer related deaths [3]. Among various 
approaches for enriching and sorting rare cells, microfluidic chip-based filtration devices are advantageous both for 
the versatility in the integration with other microfluidic components and for the precise, reproducible sample 
handling [4, 5]. However, current microfabrication capability limits the size of conventional microchip filter pore up 
to several hundreds of micrometers. The small length scale hinders throughput for large volume handling. Besides, 
large volume sample input can result in filter clogging or abrupt stress increase of the captured rare cells. Here, we 
report a novel microchip filter device incorporating slit arrays and 3-dimensional flow (the ‘3D-flow filter’) that can 
separate rare cells with high efficiency and throughput. 

 
DESIGN & FABRICATION 

The upper inlet flow channel and the lower outlet flow channel are interconnected through the slit-shaped filter 
pore (Fig. 1a). The effectiveness of this device arises both from the increased filter height (or slit length) and from 
the unique pressure distribution along the filter pore. First, the slit length can be easily extended up to several 
millimeters, which increases filter throughput to several tens of times. Second, the device geometry allows the 
size-differentiated rare cells to be captured and gently lined up at the end side of the slit while the other relatively 
small blood cells (erythrocytes, leukocytes) are passing through the filter (Fig. 1b). The fluidic pressure distribution 
characteristics of the 3-dimensiontal flow were investigated using FEM analysis (Fig. 2). The horizontal component 
of the pressure along 1 mm-long slit shows maximum at the starting point of the slit (P), decreases gradually with 
increasing distance from (P) and shows zero at the end point of the slit (P’) (Fig. 2a). Meanwhile, the vertical 
component of pressure along slit shows zero at the end point of the slit (P’) and shows two peaks: maximum at the 

starting point of the slit (P) and second peak near the end point of the slit (P’) (Fig. 2b). Thus, blood cells would 
escape from the slit during they pass through the two peak points, while the size-amplified rare cells would gently 
captured and lined up at the end point of the slit (P’) in relatively low shear stress condition.  

As shown in figure 3, the 3D-flow filter was fabricated by Glass-Silicon-Glass process to realize precise filter 
dimension and optical observation. Briefly, silicon and glass wafers were bonded using anodic bonding. Lapping and 
chemical mechanical polishing (CMP) were performed on the silicon layer. This process determined the height of the 
filter and 50 µm thickness of the silicon layer was remained in this study. Using photoresist AZ 4330 (Clariant Corp., 
NJ) as a etch mask, slit arrays were patterned on the silicon layer by deep reactive-ion etching (DRIE) process. 
Using the patterned silicon layer as a mask, the outer flow channel is patterned by isotropic wet etching of the glass 
layer in a hydrofluoric acid (HF) solution. The inner flow channel is patterned on the capping glass wafer using the 
same HF solution then a dry film photoresist, Ordyl BF 410 was laminated and patterned. When the sandblasting 
process was finished for an inlet and an outlet port, the capping glass wafer was aligned and bonded with the SOG 
wafer by the 2nd anodic bonding process. The fabricated 3D-flow filter microchip has an array of 700 slits (Fig. 4a), 
and is loaded to an automated workstation for the fluid control (Fig. 4b). The work station consists of liquid handler 
module, syringe pump, pipette tip cartridge, reagents holder and chip cartridge. 
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EXPERIMENTAL RESULTS 
To determine the efficiency of the proposed device, we spiked breast cancer cells (MCF-7) into phosphate 

buffered saline (PBS) at 100 cells ml-1 and captured the spiked cancer cells using the 3D-flow filter. The capture 

Figure 1. (a) Schematics of the proposed 3D-flow 
filter (b) Enlarged cross-section view around a slit 

Figure 2. Pressure distribution characteristics (a) 
Horizontal term of the flow velocity (b) Vertical term 

Figure 3. Fabrication process Figure 4. (a) Fabricated 3D-flow filter chip (b) 
Automated workstation for fluid control 
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efficiency was maintained above 90% up to the flow rate of 1 ml min-1, leading us to select a flow rate of 0.1–1 ml 
min-1 for subsequent studies (Fig. 5a). To evaluate the cell capture efficiency under physiological conditions, 
recovery rate was investigated at various input cell numbers (Fig. 5b). MCF-7 ranging from 6, 13, 66, 133 and 664 in 
number were spiked into 5ml whole blood. The recovery rate achieves a minimum number of 90% with 99.9% 
linearity. Captured cells were identified using immunofluorescence staining, and the image showed clear 
discrimination of MCF-7 from WBCs (Fig. 6).  
 

 

 
Figure 5. (a) Recovery rate as a function of flow rate (b) Recovery rate vs. input cell number  

 
 

 
Figure 6. Staining images after isolation process of rare cells (a) Merged image (b) DAPI (c) Cytokeratin (d) 

CD45 
 
 
 

CONCLUSION 
We demonstrated that the novel 3D-flow filter can capture rare cells in whole blood with high recovery yield 

(over 90%) and throughput (up to 1000 ml min-1). With the enhanced capture yield and throughput, the proposed 
device can be used as an efficient rare-cell-analyzing tool for blood-based diagnostics. 
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ISOLATION OF CIRCULATING TUMOR CELLS WITH HIGH 
RECOVERY AND PURITY BY CELL SIZE AMPLIFICATION AND A 
MIRO SLIT FILTER HAVING EXTREMELY HIGH ASPECT RATIO 
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ABSTRACT 
 We have developed a novel circulating tumor cell (CTC) isolation platform for high recovery and purity. It is 
composed of two processes: 1) selective size amplification of cancer cells using microbeads conjugated with 
anti-EpCAM to discriminate the size between WBCs and CTCs more clearly, 2) filtration of CTCs using a micro slit 
filter chip. We designed a micro slit filter having very long single rectangle shape with dimension of 27900 µm × 8 
µm (aspect ratio = 3488) to prevent clogging. Clogging causes unwanted aggregation of cells, sticking of WBCs and 
decrease of purity. An automatic fluid control system was also implemented to conduct the whole fluidic procedures 
including cell separation and chemical treatments for cell analysis with high reproducibility. We could separate the 
size amplified CTCs with 91 % recovery and 52 % purity from 5ml of normal whole blood spiked with 100 MCF-7 
cells at the flow rate of 100 µl/min.  
 
KEYWORDS 
Circulating tumor cell, size amplification, slit filter, high aspect ratio.  

 
INTRODUCTION 

Circulating tumor cells (CTCs) have been paid attention in cancer diagnostics because of their valuable clinical 
implications in metastatic cancers. However, CTCs are so rare in whole blood (1~ 10 CTCs/ml) that it has been 
challenged to isolate CTCs with high recovery and purity. Purity is getting more significant as needs for molecular 
analysis of CTCs are emerging these days[1]. Various separation methods using different properties of CTCs from 
other blood cells have been introduced and implemented to microfluidic platforms[2]. Size and antibody specific 
affinity have been the mostly used separation properties. Although each method has its own advantages, they still 
don’t satisfy both high recovery and high purity at the same time because the characteristic difference between CTCs 
and normal blood cells is not clear enough for complete separation. The immunomagnetic separation method using 
anti-epithelial cell adhesion molecule (anti-EpCAM), such as CellSearch system, yields poor recoveries (~70 %) due 
to cell loss during washing steps. On the other hand, the size-based filtration yields low purity (~0.1 %) because of 
the overlapping sizes of CTCs and white blood cells (WBCs). In this paper, we developed a novel separation method 
complementing these weak points. As shown in Fig. 1, CTCs are amplified by microbeads bound with proteins 
which bind to CTCs specifically. We used the anti-EpCAM as a binding protein. The amplified CTCs make the size 
difference between CTCs and WBCs more clearly. A micro-slit filter having extremely high aspect ratio rectangular 
shape was developed to capture the amplified CTCs more safely without clogging. 

 
 

Fig. 1. Schematic diagram of CTC separation. The 3 µm microbeads conjugated with anti-EpCAM are mixed in 
whole blood to increase size of CTCs. Size-amplified CTCs are selectively filtered by micro slit filter having 
extremely high aspect ratio rectangular slit shape. Size amplification of CTCs provides not only easy filtration with 
high purity but also stable capture of CTCs owing to rigid microbeads. 
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DESIGN & FABRICATION 

We designed 8 um gap micro slit structure having very long single rectangle shape with dimension of 27900 µm×8 

µm (AR=3488) to prevent clogging and fabricated an automatic fluid control system to reduce manual error and 

enhance the reproducibility. Fig. 2 shows details of the micro slit filter chip such as dimension, fabrication method 

and fabrication results. The extremely high aspect ratio rectangular shape slit was simply formed by bonding of two 

quartz wafers having simple wet etched structures. Considering the amplified size of CTCs bound with beads as 26 

µm and the number of CTCs as 100 cells, the variation of slit width due to the captured CTCs only changes less than 

9.3 %. There are still plenty of other spaces for fluid flow so that cells can bypass the previously captured CTCs, 

which results in prevention of clogging. This self bypassing behavior was observed using the buffer spiked with 100 

MCF-7 cells (Fig. 3). Furthermore, since the fluidic resistance is inversely proportional to the channel area, the 

variations of fluidic resistance due to the captured CTCs are also negligible.  

 
Fig. 2. Details of the CTC separation platform. (a) Full automatic fluidic control system, (b) Photograph of the 

fabricated micro slit filter and SEM image of the cross section view of slit, (c) Fabrication procedures. 

 

 
Fig. 3. Photographs of self bypassing 

 

EXPERIMENT AND RESULTS 

 As a circulating tumor cell model, one hundred MCF-7 breast cancer cells were spiked into 5ml of normal whole 

blood. The spiked whole blood was centrifuged and the plasma layer was removed. Buffer was added and mixed 

well to dilute the condensed blood cells. After that, 3 µm carboxylate modified melamine microbeads (10
9
) 

conjugated with anti-EpCAM was added to increase the size of MCF-7 breast cancer cells. The pretreated blood 

sample was loaded to the automatic fluid control system and the whole procedures for CTC separation such as 

priming, filtration, washing, fixation, permeabilization, staining were conducted automatically. 4 % 

paraformaldehyde and 0.01% Triton X-100 reagent were used for fixation and permeailization, respectively. And, 

mixture of 4',6-diamidino-2-phenylindole (DAPI), anti-cytokeratin PE (CK; CAM 5.2, BD Biosciences, CA) and 

CD45 FITC (BD Biosciences, CA) was used for the staining agent. The stained cells were observed with Olympus 

IX81-ZDC inverted microscope. CK positive and CD45 negative cells were counted as CTC. Since cells are not 

rigid, the recovery rate varies with respect to the flow rate during filtration. As shown in Fig. 4, most bare MCF-7 

cancer cells are passed through the 8 µm filter by cell deformation at the flow rate ranged from 50 µl/min to 1000 

µl/min, but the size amplified MCF-7 cancer cells were stably captured with over 92% recovery rate until 100 µl/min. 
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Although the slit gap is much smaller than the size amplified CTCs, CTCs began to evade due to the deformation at 

the flow rates over 100 µl/min. We chose the 100 µl/min flow rate as an optimal filtration condition because the 

purity is proportional to the flow rate. The higher flow rate is, the better purity becomes. 

 

 
Fig. 4. Recovery results. (a) Recovery rate along with flow rate, (b) Microscopic images after filtration and staining 

process of CTC  

 

We confirmed recovery rate and purity at the optimal flow rate using buffer and whole blood. The highest 

recovery rate was 95.6 % at 100 µl/min with buffer solution (100 MCF-7 cells in 5 ml PBS). When using whole 

blood spiked with MCF-7 cancer cells, it is notable that the recovery rate was also maintained over 91% with 52% 

purity without any clogging (Fig. 4 and Table 1).  

 

Table 1. Recovery and purity rates of spiked MCF-7 cancer cells at buffer and whole blood conditions. 

 
 

CONCLUSION 

We have demonstrated a novel separation method showing high recovery rate and purity at the same time through 

the combination of cell size amplification and filtration method. As we expected, the specific cell size amplification 

method makes the size difference between cancer cells and WBCs so clearly that we could separate cancers cells 

with high recovery rate (91.1 %) similar to other membrane filter separation method and much better purity (52.0 %) 

than any other separation method. Owing to the micro slit structure of extremely high aspect ratio rectangular shape, 

clogging problem was successfully prevented. Furthermore, the unique very long slit structure makes the trapped 

cancer cells align along with the slit, which makes the scan task easier and faster.  
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PATTERNED NANOMAGNETS ON-CHIP FOR SCREENING 
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ABSTRACT 
    Circulating tumor cells (CTCs) are considered potential indicators for prognosis and clinical management. 
However, detection of CTCs is very challenging due to its rarity (the ratio per CTC to leukocyte is 1:107-109). We 
have previously developed a microchip-based immunomagnetic screening system for the isolation of CTCs from 
whole blood samples. The system has been successfully applied in cancer patient sample screening. Here, we report 
arrays of directly patterned metallic nanomagnets on a channel substrate that locally enhance magnetic field and 
further improve system’s capture capability. The proposed screening system can be a powerful platform for the 
cancer management.

KEYWORDS 
Circulating tumor cell, microchip, immunomagnetic, nanomagnets   

INTRODUCTION 
Detection of circulating tumor cells (CTCs) has been considered an important indicator in assessing the response 

to cancer treatments and thus provides possible treatment strategies [1]. Due to the rarity of CTCs (the ratio per CTC 
to leukocyte is 1:107-109), it is challenging to separate CTCs from patient whole blood sample [2].  

With the advent of microfabrication technology, several microchip-based tools have been proposed for the 
capturing of rare CTCs. We have developed a microchip-based immunomagnetic screening system for the separation 
of CTCs [3]. The developed system has been successfully applied in the screening of cancer patient samples [4]. 

Figure 1 illustrates the CTC screening system. A polydimethysiloxane (PDMS)-based microchannel is fixed on a 
glass coverslip. As blood flows through the microchannel, magnetic nanoparticle-labeled CTCs are attracted to the 
microchannel substrate by external magnetic force during the screening process. Nanoparticle-labeled cancer cells 
and free nanoparticles flowing in the microchannel tend to be captured on a channel substrate around boundaries of 
the adjacent permanent magnets. In the previous design, permanent magnets only provided a macroscopic magnetic 
field distribution to attract target nanoparticle-labeled cancer cells towards high field gradient areas between 
neighboring magnets [3]. This can be further optimized through fine tuning the magnetic field at local level. 

Figure 1. Schematic of the CTC screening microchip cross-section. 

Aggregation of nanoparticles can interfere with the identification process or even damage the captured CTCs. 
Target cells rolling on the weaker magnetic field areas can also escape from the microchannel without being 
captured by the stronger magnetic field. Integration of microchip devices with magnetic nanostructures has been 
proposed for separating red blood cells (RBCs) and white blood cells (WBCs) from whole blood samples [5]. In this 
paper, we integrate the developed microchip-based immunomagnetic screening system with metallic nanomagnets to 
uniformly distribute target CTCs, free nanoparticles, RBCs, and WBCs on the glass substrate. Therefore, the capture 
capability of the screening system can be further improved. 

THEORY 
Patterned nanomagnets on channel substrates can provide locally enhanced magnetic field in the microchannel. 

Ferromagnetic material (nickel) is deposited on the channel substrate to introduce localized magnetic forces. Figure 
2(a) shows the schematic of localized magnetic forces induced by the permanent magnets, which are alternately 
arranged, and nanomagnets. Figure 2(b) shows that high magnetic field gradients occur at the edges of the 
nanomagnet. The magnetic flux density passing through the nanomagnet in the x-direction is greatest when the 
nanomagnet width (w) is larger than the height (h) [5]. 
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(a)                                                  (b) 
          
 
 
 
 
 
 
 
Figure 2. Schematic of nanomagnets patterned on the microchannel substrate. (a) Locally enhanced magnetic field 
generated by the nanomagnet, which is magnetized by permanent magnets placed on top of the capture substrate (b) 
Magnetic flux density travels through a nanomagnet located between two permanent magnets in the x-direction. A 
uniform external magnetic flux density (H0) deforms around the nanomagnet and generates a high magnetic field 
gradient. 

 
The magnetic force generated by a nanomagnet acting on a nanoparticle can be calculated as [5] 
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Bi  is the inner magnetic flux density of the nanomagnet 
χ NP  and χ B are the susceptibilities of the nanoparticle and the buffer solution 
µ NP  and µ B  are the permeabilities of the nanoparticle and the buffer solution 
VNP  is the volume of the nanoparticle 
a  is the lateral dimension of the nanomagnet 
r  and θ  are the cylindrical coordinates of the distance and angle 
H0 is the external magnetic field 
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→

 are unit vectors for the distance and angle in the cylindrical coordinate. 
 

MATERIALS AND METHODS 
The nanomagnets are designed as rectangular prisms with thickness (h): 200 nm, width (w): 8 µm, and length (a): 

24 µm and cubes with thickness (h): 200 nm, width (w): 20 µm, and length (a): 20 µm. Figure 3(a) shows the 
dimensions of a microchannel. Figure 3(b) shows the design of nanomagnet arrays. 

 
Figure 3. Nanomagnets patterned directly on the channel surface. (a) Dimensions of the microchannel. (b) Design of 
nanomagnet arrays. 

     (a)                                 (b) 
 
 
 
 
 
 
 
 

Figure 4. Simulations of the field enhancements from the nanomagnets. (a) Localized magnetic field induced by an 
array of nanomagnets placed in the uniform magnetic field generated by the permanent magnets. (b) Simulation of 
magnetic flux density with and without a nanomagnet. 
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Figure 4(a) shows the distribution of the total magnetic field generated by an array of nanomagnets placed in a 
uniform external magnetic field (0.15 Tesla). The nanomagnets induce a localized magnetic field. Simulation results 
show that magnetic field intensity increased 8 times locally near a single nanomagnet, as shown in Figure 4(b). 

The fabrication process of nanomagnets is shown in Figure 5(a). Patterns of nanomagnets are defined by the 
spin-coated photoresist. Next, Cr/Ni metal is thermally deposited on a photoresist-patterned glass substrate. Lift-off 
technique is then used to fabricate arrays of patterned nanomagnets. 

(a)                                                    (b) 

 

 

 

 

 

 

Figure 5. Microchip fabrication. (a) Patterning process of nanomagnets on a glass substrate. (b) Microchannel 
integrated with test patterns of thin-film nanomagnets.  

An array of nanomagnets is patterned on the top-side, bottom-side, and the end of channel substrate to locally 
enhance the magnetic field for the capturing of target cells. Figure 5(b) shows the top view of the PDMS microchip 
bonded to a glass subtrate patterned with nanomagnets. The inset in Figure 5(b) shows an array of nanomagnets 
patterned on three sections in a microchannel.  

For system operation, nanoparticle-labeled CTCs are introduced into a microchannel by a syringe pump. CTCs 
are then attracted to the microchannel substrate by external magnetic force during the screening process. Captured 
CTCs are permanently fixed on the channel substrate followed by an immunofluorecent staining and identification 
process. Specially, the microchip integrated with nanomagnet-patterned channel substrate, as shown in Figure 1, has 
been tested for spiked experiments. BT20 cells (human breast cancer cell line) and Colo205 cells (human colon 
cancer cell line) were spiked in blood sample for screening experiments. Figure 6 shows an example of captured 
cancer cells on nanomagnets. In spiked experiments, metallic nanomagnets achieved high capture rates of 85% and 
81% for BT20 cells and Colo205 cells, respectively. 

 
 
 
 
 

 

Figure 6. Cell captures experiments. (a) A BT20 cancer cell is directly captured on one of patterned nanomagnets. 
(b) A Colo205 cancer cell is captured on a nanomagnet. (c) A cluster of two Colo205 cells is attracted to a 
nanomagnet. 

In conclusion, we developed the design methodology in combination with nanofabrication techniques to pattern 
the microchannel directly with metallic nanomagnets. After being magnetized, nanomagnets can enhance the local 
magnetic field, providing a near-field capture force for CTCs. The consistency of simulation with experimental 
results shows the great promise of this compact microchip for high throughput screening systems towards cancer 
prognosis and personalized therapy.  
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Figure 2. View of microfluidic cell sorter(upper) and microscope image of channels in sorting junction (lower, 

channel depth: 50 µm) 

 

 
 

Figure 3. Signals of E. coli cells expressing YFP libraries on chip acquired by PMT detector. Inset shows the 

enlarged signal peak from a bright variant. 

 

RESULT AND DISCUSSION 

We first employed this system to screen a 10
6
 member library of a novel yellow FP from Zoanthus sp. to improve 

brightness, with throughput of 500 cells/s. Figure 4A and B are the result of cytometric analysis before and after 

sorting using our microFACS system. The region of interest (ROI) indicates the distribution of the fluorescence of 

YFP variants and the mean fluorescence of the library increased by 77% after sorting using microFACS (Figure 4C). 

The sorted samples were grown on an agar plate and the 10 brightest colonies were picked up and compared to the 

10 brightest colonies picked from 10
5
 colonies of the same library using a manual screening method. On average, the 

variants identified by microFACS were 50% brighter than the ones identified by traditional methods, owing to the 

enrichment provided by the high throughput sorting system (Figure 4D).  

 

Figure 4. Cytometric analysis plots with identical gating condition for YFP library of initial(A) and sorted by 

microFACS system(B). A boxplot comparing cell fluorescence intensities of ROI in initial and sorted YFP library.(C, 

small squares indicate the averages). Comparison of colony brightness of top 10 brightest variants (n=60, six 

replicates for each variants) from traditional screening and microFACS screening (D). 
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The capability of screening FP-based indicators was demonstrated in a preliminary baseline experiment, with a 

mixture of 12% (by number) of cells expressing G-GECO1.1 with 88% of flash-pericam mutant [2], the former 

having a much brighter response to mixing with calcium than the latter. After sorting, G-GECO1.1 expressing cells 

had been enriched to 77%, showing the system can isolate variants with brighter fluorescence and better function 

(Figure 5). 

 

 
 

Figure 5. Calibration curve used for determining fraction of cells expressing G-GECO1.1 and a flash-pericam 

mutant. The inset shows brightness and dynamic range of each Ca
2+

 indicator measured by a cytometer (left). 

Screening result is shown on the right panel. 
 

CONCLUSION 

Our results demonstrate the capability of our microFACS system for discovery of improved FPs and FP-based 

Ca
2+

 indicators. Further optimization of operational parameters, such as volume flow rate, piezo activation timing, 

and channel geometry should increase the sorting efficiency, giving systems with significant throughput at relatively 

low cost.  
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ABSTRACT 

We developed non-labeling detection and easy separation method of circulating tumor cells (CTCs) based on 
CTCs’ specific properties.  Our developed method requires no special apparatus and tedious pretreatment before 
separation and detection of CTCs.  In addition, our methods can also separate and detect epithelial cell adhesion 
molecule (EpCAM) negative CTCs, which cannot be attained by present methods.  Therefore, our method would 
become accurate CTCs’ analysis method and useful for point-of-care testing of CTCs. 
 
KEYWORDS 
Cell separation, biomimetic microspace, circulating tumor cells 
 
INTRODUCTION 

An analysis of CTC has been expected as less invasive cancer diagnosis after surgery because the number of 
CTC is related to the size of tumor and CTC collection from blood is less invasive compared to biopsy [1].  
Despite of these advantages over biopsy, the CTC analysis in a clinic has been hampered because the counting and 
separation of CTC from blood require troublesome procedures, high sensitivity and high separation efficiency 
techniques because number of CTC is only a few in the blood [2].  In addition, most of the present CTCs’ 

separation methods including Cellsearch system employ antibody-antigen (EpCAM) specific interaction for CTC 
separation from blood cells and cannot collect EpCAM negative CTCs.  Therefore, the development of CTC 
analysis method based on a new principle has been desired for collection of EpCAM negative and positive CTCs 
and accurate analysis.  In this paper, we focused on the specific property of CTC, and propose a novel detection 
and separation method of CTCs based on a new concept.  Tumor cells secrete protease to destroy intercellular 
molecules and can slip out from primary tumor to vessel as shown in Figure 1.  We employ this invasive property 
in detection and separation of CTCs, and mimic this environment in the microfluidic device. 
 

 
 

Figure 1. Mechanism of CTCs generation 
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EXPERIMENT 
Procedures for detection and separation of CTCs are shown in Figure 2.  For detection and separation of 

EpCAM positive and negative CTCs, we prepared fibrin gel coated PDMS microchips.  This microchip permits 
CTCs to rapidly attach on fibrin gel surfaces, to be trapped by specific interaction between fibrin gel and CTCs, 
and to be detected as fluorescence points by CTC’s secreted enzyme reaction.  Thus, detection and separation of 
EpCAM positive and negative CTC can be attained in easy manner.   

 
 

 

 
 

Figure 2. Principle of our developed detection and separation methods for CTCs 
 

 
Fibrin gel coated PDMS microchip was prepared by following procedures: PDMS microchannel was prepared by 
soft lithography method, irradiated by air plasma, and then bonded with a cover glass.  After chip fabrication, the 
cover glass was modified with 3-aminopropyltriethoxysilane to strongly immobilize fibrin gel.  To this 
microchannel, mixtures of fibrinogen, thrombin and specific peptide to CTCs’ secreted enzyme were introduced, 
incubated for two minutes and washed out by PBS.  Stepwise modification of the cover glass was confirmed with 
contact angle measurements and was successfully attained as shown in Table 1.  After modification of 
microchannel, we performed cell separation and detection using CTCs model cells as shown in Figure 2, and 
assessed the performance of our developed method. 

 
Table 1. Water contact angle of each surfaces 

 
 glass APTS treated glass Fibrin coated glass 

Contact angle <10 63.8 109.4 
 

RESULTS AND DISCUSSION 
At first, we attempted non-labeling detection of CTCs with the mixture of EpCAM negative cells and diluted 

blood.  Figure 3 shows that blue fluorescence from specific peptide to CTCs’ secreted enzyme can be observed 
only around CTC, and indicates that we can successfully detect only CTCs in a non-labeling manner.  In addition, 
EpCAM positive cells were also detected in the same manner (data is not shown here).  From these results, we 
can easily distinguish CTCs from blood cells, and count the number of EpCAM positive and negatice CTCs.  
Subsequently, separation of CTCs from blood cells was attempted.  Figure 4 shows that almost only CTCs 
(EpCAM negative) can be retained on the fibrin gel coated microchannel after washing out the microchannel.  In 
addition, trapping efficiency of CTCs after incubation on fibrin gel coated microchannel was estimated by varying 
flow rates.  Figure 5 indicates that more than 80% CTCs can be trapped under 20 μl /min flow rate after 5h 

incubation.  Thus, detection and separation of CTCS can be easily attained with our developed method. 
 

 
 
 

Figure 3. Micrscope images of EpCAM negative CTCs and blood cells mixtures. 
(a) bright field and (b) fluorescence images (Scale bar = 50 μm) 
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Figure 4. Microscope images of the fibrin gel coated microchannel (a) before washing and (b) after washing 
 
 

 
 

Figure 5. Trapping efficiency of CTCs under various flow rates 
 
CONCLUSIONS 

Our developed method based on CTCs’ specific property enables easy detection and separation of CTCs.  

Therefore, our method would be applicable for clinical assay of cancer diagnosis. 
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Table 1. Relevant forces present on the three particles in the 
system at a given point. Rotational frequency is 11.25 Hz. 
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ABSTRACT 

Based on our pioneering work on multi-force, centrifugo-magnetic particle separation presented at µTAS’11 [1] [2], 
we have substantially improved design (Fig. 1) and functionality to enable the direct immuno-separation of cancer cells 
from whole blood. The system presented here is shown to successfully extract a population of less than a hundred cancer 
cells from a background of many hundreds of thousands of blood cells. We outline the novel system design and notably 
refined working principle. The ability to “pick out” rare cells from whole blood on our platform bears the promise to 
leverage a host of interesting applications in biomedical diagnostics, therapeutics and point-of-care systems. 

KEYWORDS 
Cell separation, magnetic, cancer cells, centrifugal microfluidics 

PRINCIPLE OF OPERATION  
Similar to work by Pamme et al. on a flow-based scheme [3], our threefold differential centrifugo-magnetic 

separation of magnetically tagged cancer cells from a background of blood cells and unbound magnetic tagging beads 
(Fig. 1) is governed by the interplay of the centrifugal force Fω, the magnetic force Fm, and the Stokes drag Fd. Table 1 
compiles estimates of typical values for the corresponding magnitudes of the centrifugal and magnetic forces. 

All cells and particles will be exposed to a radial centrifugal force Fω and the Stokes drag Fd. In addition, unbound, 
1-µm magnetic tagging beads will experience a relatively large magnetic force Fm resulting in a strong lateral deflection.  
The magnetically tagged cancer cells will experience both a smaller lateral force due to its reduced, volume-averaged 
magnetic moment compared to the particles and a higher Stokes drag Fd, eventually resulting in an intermediate 
deflection path into the collection chamber C (Fig. 2b).  

 

Particle Fω (N) Fm (N) 
1-µm magnetic bead 5.2 10-13 8.0 10-14 

Blood cell 1.4 10-10 0 
Tagged MCF7 cell 1.9 10-10 1.6 10-11 

Fig. 1a) Schematic showing entire disk which contains six separate chambers with three permanent 
magnets aligned along their respective radial direction. b) Magnified 3-D schematic (not to scale) of 
a single chamber outlining the principle of separation of blood cells, cancer cells and unbound 
tagging beads as the sample enters the separation chamber (Fig. 2). The separation structure 
features an inlet as well as designated receiving chambers for unbound magnetic beads (A), blood 
cells (B) and the target cancer cells (C). 
 

a) b) 

B 
C 

A 
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It is important to note that this separation takes place in a stopped-flow system, that is, the chambers are completely filled 

with buffer composed of Phosphate buffered saline (PBS) containing 0.1% bovine serum albumin (BSA) before the 

sample is loaded. The cells and beads in the system then sediment through the buffer liquid in the same manner as in a 

standard centrifuge. This sedimentation under stagnant conditions allows very stable operation due to the absence of 

divergent fluid flow lines and hydrodynamic instabilities. 

 

MATERIALS AND METHODS 

 Figure 1b shows a magnified view of one of the six separation structures on each CD-sized disc which is molded in 

PDMS (Polydimethylsiloxane). The disk is formed in two parts. The main structures on the disk are formed from a 

lithographically patterned mould which consists of an SU-8 negative of the microfluidic channels and a 3D printed mould 

for forming the larger 3 mm  6 mm magnet holes. PDMS at a ratio of 5:1 (base to curing agent) was used for this part of 

the disk. The floor of the disk was formed from a laser cut piece of PMMA polymer with a thin layer of of 10:1 PDMS 

which was spin-coated onto the PMMA. Once this was performed, both sections of the disk were cured in an oven at 70
o
C 

for 30-40 minutes. Once both sections had hardened they were placed on top of each other and put in the oven where an 

irreversible bond was formed due to the mismatch of curing agent ratios at the border [4].   

 Each separation structure is 100 µm deep and consists of a loading chamber and an inlet channel leading into the main 

separation chamber which exhibits designated receiving chambers for unbound magnetic beads (A), blood cells (B) and 

the target cancer cells (C). The chambers are first primed with PBS w/0.1% BSA through degas flow and then placed on 

a spindle motor as part of a stroboscopic imaging platform [5]. Meanwhile, a sample of MCF7 breast cancer cells is 

incubated on a rotator with a solution of 1-µm magnetic anti-EpCAM coated beads (which bind very specifically with the 

MCF7 cancer cells) for 20 minutes at room temperature [1]. The suspension of beads and cells is then spiked into whole 

blood and delivered to the system via a micropipette. The experiments take place at a spin rate of 675 RPM. 

 

RESULTS AND DISCUSSION 

Our experiments established a three-way cell separation which can be seen in Fig. 2. Figures 2a and 2b display a 

photograph of the system and a schematic the different trajectories for the three particle types resolved. Figure 2b also 

shows the magnetic field lines and field intensity is indicated by colour. Figures 2c and 2d feature the trajectories of the 

three particle types as captured by our stroboscopic imaging system during disk rotation. Blood can be observed to 

sediment strictly radially outward until entering area B (Fig.3) while tagged MCF7 target cells are deflected into the 

funnel C (Fig. 2c). Figure 2d shows the separation of whole blood from 1.43-µm magnetic tagging beads into the 

retention zone A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 A theoretical analysis of the relevant forces acting on each of the particles in the system was carried out [1] for the 

three main forces present in the system, Stokes drag, centrifugal force and magnetic force and the results are presented in 

Table 1. Image tracking software [6] was also used to calculate the velocities and deflections of both the tagged MCF7 

cells and the single beads (table 2). This data confirms the observed trajectories and shows the large difference in forces 

between the two particles which allows for high quality separation by our system with 62 tagged MCF7 cancer cells being 

pulled out of whole blood and arriving either directly in capture area C or at the wall of its entrance (Fig. 3). Roughly 

350,000 blood cells are trapped in capture area B (Fig. 3) with no false positives, i.e. blood cells deflected into area C. 

Loading  

chamber 

a) b) c) d) Blood cells 

Cancer cells 

Fig. 2a) Photograph showing one of the microfluidic chambers with relevant parts labeled. Also labeled are the three 
separate capture areas. b) Schematic of microfluidic chamber showing the three particle trajectories indicated by colored 
circles. Also, magnet field intensity is encoded by colour. c) Image showing cancer cell deflection out of whole blood as 
outlined in the schematic. The cancer cell path is indicated by the white circles and the cell is circled in red. d) Image 
showing capture of many hundreds of thousands of background tagging beads from whole blood with bead trajectory 
indicated by the black circles and captured beads circled in red. 

Fω 

Fm 

Focusing  
channel 

Separation  

chamber 

A 

B 
C 

Magnets 

Whole blood 

3mm 3mm 100µm 500µm 

1µm beads 
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Table.2. Measured velocities and relative deflections of single 
magnetic beads and tagged MCF7 cells from fig 2.b) (n=4) 

 

 

 

 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 
We have presented strong evidence that our centrifugo-magnetic separation scheme is able to very accurately retrieve rare 

target cells from a background of whole blood. The interplay of magnetic, centrifugal and drag forces allow extremely 

high affinity separation of cancer cells from blood. This low-cost and compact system could be applied to many 

biological applications for antibody based selection of cells from a very large background. This system also lends its self 

to inclusion of further technologies such as on-disk cell counting, incubation and assaying of samples [7][8] to move it 

towards being a fully integrated sample-to-answer device. 
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Particle Velocity(µm s
-1

) Deflection (AU) 

1-µm magnetic bead 41.3 77 

Tagged MCF7 cell 224.5 19 

Fig. 4. It was observed that chamber B 
captured ~350,000 blood cells (volume based 
calculation) and did not capture any cancer 
cells.  And chamber C captured 62 cancer 
cells and did not capture any blood cells. This 
100% separation success shows great promise 
for this system for rare cell separation. 
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ABSTRACT 
    In this paper, we have demonstrated the trapping single cell into the microfluidic dead zone by using 
optoelectronic tweezers (OET) in the poly (ethylene glycol)-based U-shaped microwells for the study of the 
immune activity. Using light-induced dielectrophoresis (DEP) on a photoconductor, virtual electrode pattern 
was generated by projecting an LED light through a DMD spatial light modulator. We have shown a target 
cell had trapped by the donut shape of the OET force and PEG-based U-shaped microwells. Based on our 
experiment, we provided an easily performed method for study the interaction of NK cells and target cells. By 
the way, we had evaluated the NK cell activity in single cell level by the PEG-based OET chip.   
  
KEYWORDS 
Single cell, Hydrogel, Dead zone, Optoelectronic tweezers, Immune activity.  

INTRODUCTION 
Trapping single cell is not only to access the immune system of uncultivated organisms, but also for 

comparing the immune activity of individual cells sequenced from a population. To understand the movement 
exhibited by cellular aggregates, we must understand how the local interactions between moving cells affect 
the collective motion.  Recently, the manipulations of single cells based on OET with the operation AC 
frequency have been first reported and successfully demonstrated by Chiou’s group [l]. Sunghoon Kwon's 
group using railed microfluidic channels via PEG-DA microstructure, which created a movable part in a 
microchannel [2]. Furthermore, it will lead to a better understanding of the function and regulation of the 
immune system at the single cell level [3]. Microfluidic chips are also useful for automated single cell 
isolation and allow for more efficient RNA purification and amplification. Some years ago, in Quake’s group 
designed a microfluidic chip that employed microscopic bead columns for extracting total mRNA from 
individual single-cells and for synthesizing cDNA from them [4]. However, it is important for trapping single 
cell and keeping cell in a stationary area. By the way, we had used the PEG-based OET chip to trap single cell 
which was by the PEG-based microstructures to keep cell into U-shaped microwells. Indeed, immune activity 
drives some aspects of NK and target cells observed among closely related cells.

METHODS 
In microfluidic system or chip, the dead zone is an important issue in a microchannel. In figure 1(a), we 

show the schematic diagram of PEG-based U-shaped microwells. The orange dotted lines are dead zone in 
U-shaped microwells. In the dynamical microflow, the cells were moved by pass the dead zone in microfluidic 
channels.  In our design, we had conquered the problem of the dead zone by using OET force to trap single 
cell into the microwell in TiOPC-based OET chip in figure 1(b). We had also developed the immune cell 
activity regulated by the cell trapping as showed in figure 1(c). 

  
 

Figure 1: (A) Schematic diagram of the PEG-based OET chip with PEG-based U-shaped microwells. The 
microflow bypass the dead zone in microfluidic channels moved the cells. (B) We had conquered the problem of 
the dead zone by using OET force to trap single cell into the miceowell in TiOPC-based OET chip. (C) We had 
also developed the immune cell activity regulated by the cell trapping.  

(a) (b) (c) 
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EXPERIMENT 
In fabricated process as shown in figure 2, the PEG-based OET chip is fabricated by the TiOPC, which is 

used to define the pattern of the light by the conductivity. And then, square PEG-based U-shaped microwells 
were formed by a single ultraviolet exposure. In our design, microfluidic force was made by pass the dead 
zone and the single cell was trapped by the donut shape of the OET force and PEG-based U-shaped 
microwells. 

 
 

Figure 2: The PEG-based OET chip are fabricated by the TiOPC, which is used to define the pattern of the light 
by the conductivity. And then, square PEG-based U-shaped microwells were formed by a single ultraviolet 
exposure. 
 
RESULTS AND DISCUSSION 

Two microscope photos were shown the array of the PEG-based U-shaped microwells in figure 3. In 
these two photos, PEG-based U-shaped microwells were exposed by the UV-light and swelled by the buffer. 
The scale is 100um. We used a DMD projector to project the donut shape of the pattern in the PEG-based 
OET chip as shown in figure 4. In the PEG-based OET chip, we had demonstrated the manipulations of single 
cell by the donut shape of the OET force with the operation AC frequency. It had been controlled and 
successfully demonstrated by the light-induced negative dielectrophoresis.  

 
Figure 3: The microscope photo shows the array of the PEG-based U-shaped microwells. The scale is 100um. 

 
Figure 4:  The manipulations of single cell based 
on the OET method with the operation AC 
frequency have been controlled and successfully 
demonstrated. 

 
Figure 5: Orange circles show five target cells 
were trapped in the PEG-based U-shaped 
microwells by using the OET method. 

 
These orange circles were shown four target cells had trapped in the PEG-based U-shaped microwells 

based on the PEG-based OET chip in figure 5. The orange arrowhead was shown a target cell had trapped by the 
donut shape of the OET force and PEG-based U-shaped microwells. In Figure 6, the photo as shown in single 
target cell with difference proportional NK cell to analysis for immune activity. Finally, Due to cell death in 
some well, the number of empty wells increased slightly in figure 7. 
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Figure 6: The photo as shown in single target cell with difference proportional NK cell to analysis for 
immune activity. (a) The ratio the target cell and NK cell is 1:1. (b) 1:2 (c) 1:3 (d) 1:4. 

 

 
Figure 7: Due to cell death in some well, the number of empty wells increased slightly. We demonstrated the 

trapped different proportional NK-target cell and cell-cell interaction in our PEG-based OET chip. 

CONCLUSION 
We have demonstrated trapping different proportional NK-target cell and cell-cell interaction in our 

PEG-based OET chip. And single cells had trapped by the donut shape of the OET force and PEG-based 
U-shaped microwells. The purposes of this research are not only to develop the immune cell trapping but also to 
regulate by cell mass culture. We conclude that live cell by the imaging of NK-target cell interactions in 
U-shaped microwells are possible. 
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ABSTRACT 

Electrical field stimulation provides an efficient way to differentiate muscle cells, which results in an increase in the 
contractile activity and the formation of muscle myofibers. Here, we introduced the use of an interdigitated array of Pt 
(IDA-Pt) electrodes as a novel platform for the electrical stimulation (ES) of engineered muscle tissues. 

KEYWORDS 
C2C12 skeletal muscle cells, muscle tissue engineering, electrical stimulation, interdigitated array of electrodes.   

INTRODUCTION 
Muscle tissue engineering has been proposed as an alternative therapy to regenerate or recover damaged muscle 

tissues in body [1]. Engineered muscle tissues also have in vitro applications, such as for drug screening [2] or as 
bio-actuators [3]. Electrical field stimulation stands an efficient way to differentiate muscle cells, which results in an 
increase in the contractile activity and the formation of muscle myofibers. Here, we suggest the use of an interdigitated 
array of Pt electrodes (Figure 1) as a novel device to electrically stimulate engineered muscle tissues with the following 
advantages: (1) because the electrodes were permanently fixed on the glass substrate they easily provided a highly 
accurate, reproducible and well-defined electric field; (2) this technology made it possible to make high resolution and 
different electrode designs mimicking physiological feature sizes and topographies; (3) the ES was equally distributed 
over the whole tissue; (4) lower energy was needed to create a specified electric field compared to the conventional 
setups for the ES. We should mention that traditional ES setups use a pair of conductive materials inside the tissue 
culture medium, in close proximity to the muscle tissue. In such a configuration, the electric current should pass 
through the surrounding medium of the tissue. Due to the inherent resistance of the medium, there is a loss in the 
electric field, and the resulting electric field sensed by the muscle tissue may not be effective in the tissue stimulation.   

EXPERIMENT 
The experimental procedure used to obtain the functional muscle tissues is illustrated in Figure 1. Briefly, 

micromolded gelatin methacrylate (GelMA) fabricated by the PDMS stamp (12 mm×8 mm) was created on the IDA-Pt 
electrodes. GelMA hydrogel is a photopolymerizable hydrogel comprised of gelatin with the methacrylic anhydride 
groups. The topography created by the GelMA hydrogel influenced the cell morphology and alignment. Most C2C12 
myoblasts that loaded onto the GelMA micropattern changed their morphology, oriented, and elongated along the 
ridge-groove direction after 1 day of culture (Figure 2). This phenomenon is the so-called contact guidance. Note that 
muscle cells were stained using phalloidin (AlexaFluor® 594, Invitrogen) and 4,6-diamidino-2-phenylindole (DAPI) 
(Vector Laboratories Inc.) to reveal F-actin (red) and cell nuclei (blue), respectively. After 2 days of culture, the muscle 
cell differentiation was induced by which the C2C12 myoblasts started to fuse together making multinucleated 
myotubes. On day 8 of culture, the engineered muscle tissue was electrically stimulated through the IDA-Pt electrodes 
as depicted in Figure 1. As control system, the muscle tissue was stimulated with long platinum wires with 0.6 mm 
diameter placed 1.5 cm apart. Electrical pulses were applied to the muscle tissue using a waveform generator under two 
different ES regimes, namely, regime 1 (voltage 0.5 V, frequency 1 Hz, and duration 10 ms) and regime 2 (voltage 6 V, 
frequency 1 Hz, and duration 10 ms) for 3 days or 1 day, respectively.  

C2C12 myotubes stimulated through the IDA-Pt electrodes showed higher amount of alignment (~80%) compared 
to those stimulated using the Pt wires (~60%). High degree of alignment and organization of myotubes are basic 
requirements of an engineered muscle tissue [4]. Note that the close elasticity of the 20% GelMA hydrogel (~40 kPa) to 
that of the native muscle tissue (~12 kPa) [5] is an essential factor enabling such a myotube arrangement because the 
myotubes could move and alter their directions. High maturation and alignment of stained myotubes due to applying 
the electric field through IDA-Pt electrodes under regime 2 are shown in Figure 3. The cultures that were electrically 
stimulated using IDA-Pt electrodes were further compared to their corresponding controls and those stimulated using 
the conventional ES setup of Pt wires in terms of gene expression of muscle transcription factors (i.e., MyoD, Myf-5, 
myogenin, MRF4, Mef2c, and MLP) and proteins biomarkers (i.e., sarcomeric actin, α-actinin, perinatal myosin heavy 
chain (MHC-pn), MHC-IId/x, MHC-IIa, and MHC-IIb). As demonstrated in Figure 4, the gene expression levels were 
generally higher for the cultures stimulated by the IDA-Pt electrodes under regime 2 compared with the controls and 
those stimulated through Pt wires. However, in general, there was no statistically significant difference in gene 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1132



expression levels between the muscle tissues stimulated under paradigm 1 through IDA-Pt electrodes and Pt wires, 

indicating that 0.5 V is probably less than the threshold voltage required for the ES of a functional muscle tissue [6]. 

We also observed the contraction of myotubes under regime 2. In contrast, no such phenomenon was observed for the 

myotubes exposed to ES under regime 1.  

Taken together, we showed that the IDA-Pt electrodes were more efficient in the stimulation of muscle tissues 

compared to conventional setups. Due to the wide array of potential applications of ES to two- and three-dimensional 

(2D and 3D) engineered tissues, the suggested platform could be employed for a variety of cell and tissue structures to 

more efficiently investigate their responses to electrical fields.   
 

 

 

Figure 2. C2C12 myoblasts alignment and elongation within the unpatterned (A) and 

micropatterned GelMA hydrogels after 1 day of culture. The cell nuclei and filamentous F-actin 

were stained by DAPI (blue) and phalloidin (red), respectively. 

 

(1) Fabrication of IDA-Pt electrodes on the glass slide.  

(2) Micromolding of 20% GelMA hydrogel. 

(3)Applying AC electric field through IDA-Pt electrodes to  

C2C12 myotubes at day 8 of culture. 

Figure 1. Schematic procedure of IDA-Pt electrodes and their 

use to stimulate skeletal muscle tissues. 
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Figure 3. C2C12 myotubes micrographs after applying ES 
through IDA-Pt electrodes under regime 2 (voltage 6 V, 
frequency 1 Hz, and duration 10 ms) as shown by phase 
contrast microscope (A) and as stained to reveal the myosin 
heavy chain (green), cell nuclei (blue), F-actin (red) (B-D).  

Figure 4. Changes in the expression levels of genes as a 
result of the different ES paradigms of regime 1 
(voltage 0.5 V, frequency 1 Hz, and duration 10 ms), 
regime 2 (voltage 6 V, frequency 1 Hz, and duration 10 
ms), and control (without ES). Expression levels were 
normalized with respect to the internal reference gene 
GAPDH (*p <0.05 and **p <0.001). 
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SKELETAL MUSCLE TISSUE IMPROVEMENT BY CO-CULTURE SYSTEM 

IN GELATIN METHACRYLATE HYDROGEL 
S. Ostrovidov1, S. Ahadian1, H. Kaji2, M. Ramalingam1, 3 and A. Khademhosseini1, 4  
1WPI-AIMR, Tohoku University, Japan. 2Graduate School of Engineering, Tohoku University, Japan. 

3Faculty of Dental Surgery, University of Strasbourg, France. 
 4Department of Medicine, Center for Biomedical Engineering, Brigham and Women’s Hospital, Harvard Medical School, 

Cambridge, Massachusetts 02139, USA and Harvard-MIT Division of Health Sciences and Technology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts 02139, USA.

ABSTRACT 
In this study, we demonstrate that a co-culture approach between C2C12 myoblasts and pheochromocytoma PC12 

neuronal cells allows for better formation of muscle-like tissues than a mono-culture of C2C12 cells. In particular, we used a 
micromolding technique to fabricate microgrooved patterns of methacrylated gelatin (GelMA) hydrogel, which served as a 
substrate to culture encapsulated cells in GelMA and to induce myoblasts alignment. GelMA is a semi-natural polymer that is 
easy to pattern by UV irradiation for making 3D structures in which cells can proliferate. Myoblasts and the resulting 
myotubes were analyzed in terms of alignment and length, respectively, in the mono-culture and the co-culture systems for 
both patterned and unpatterned regions. 

KEYWORDS  
Hydrogel, GelMA, C2C12, PC12, Co-culture

INTRODUCTION 
Engineered muscular tissues are far from matching the properties of their natural counterparts. Many attempts to align 

myoblasts for favoring their differentiation into myotubes have been made in 2D and 3D environments [1, 2]. Co-culture has 
also been used to improve muscle tissue formation notably by the use of endothelial cells and fibroblasts combined with 
myoblasts, while primary nerve-myoblasts systems were reserved to study neuromuscular junction [3]. Here, we expand the 
use of our method to control cells alignment to a co-culture of C2C12 and PC12, and we use neural cells to study their impact 
on myoblasts differentiation.  

EXPERIMENTAL
Mold and stamp fabrication  
The SU-8 mold master was fabricated on a silicon wafer by using standard soft-lithography techniques. The design of the 

mold consisted of 1 cm2 SU-8 surface patterned of microgrooves (100 m width, 50 m depth) / ridges (50 m with). PDMS 
prepolymer mixed with curing reagent (10:1 mass ratio) was poured into the master mold and cured at 70°C for 1.5 h after 
degassing in a vacuum chamber. The PDMS microstructured layer was then peeled off from the master and silanized 30 min. 
under vacuum in presence of 30 l of trichloro (1H, 1H, 2H, 2H tridecafluoro-n-octyl) silane (FOTS) to allow easy release of 
the PDMS stamp from the GelMA polymer. 

GelMA synthesis  
Gelatin type A (6g) was dissolved in 60 ml DPBS at 50°C. 20% (v/v) of methacrylate anhydrate was mixed and the 

solution was stirred during 1h.  Then 240 ml of warm DPBS (40°C) was added to stop the acrylation reaction. The mixture 
was then dialyzed for 1 week in 12-14 kDa cutoff dialysis tubes against warm (40°C) miliQ water followed by a freeze drying 
step during 1 week.  

Cells seeding and encapsulation  
In this study, we employed a microfabricated PDMS stamp to mold grooves (100 m width, 50 m depth) / ridges (50 

m width) micropatterns of 20% GelMA hydrogels on Petri dishes, which were further photopolymerized under UV (7 
mW/cm2) for 150 sec. We then loaded the grooves with cells (in monoculture C2C12 or PC12, in co-culture 50% C2C12 + 
50% PC12) in a pre-polymer solution of 5% GelMA + 1% photoinitiator in DPBS. This cell laden hydrogel was then 
photopolymerized under UV for 30 sec (Fig.1). 

RESULTS AND DISCUSSION  
To obtain a muscular tissue in vitro with a substantial contractibility, the C2C12 myoblasts must be aligned toward one 

direction mimicking in vivo situation. Several techniques exist to align cells such as the use of mechanical stimulation, 
electrical field or surface patterning [4, 5]. In this study, we used the topographical constraints induced on the myoblasts by 
culturing them in narrow and deep grooves of GelMA micropatterns used as substrate. As shown in Fig. 2, after 5 days of 
culture in DMEM complemented with 10% fetal bovine serum (FBS) and 1% antibiotics, the myoblasts alignment was  
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Figure 5: Quantification of myotubes length when 

compared between mono-culture and co-culture. 

Data are expressed for 2 independent experiments 

and at least 50 myotubes were analyzed (*p<0.001). 

Figure 4: Myotubes formation in co-culture system 

on patterned (left) and unpatterned (right) regions. 

Photos in fluorescence (up) and fluorescence 

merged with visible (bottom).  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: C2C12 alignment in patterned zone 

(groove width 100 m, depth 50 m and interlines 

gap 50 m) observed in fluorescence microscopy 

after actin filaments staining.  

Figure 1: Micromolding process and cell seeding 

in GelMA. 

Figure 3: Quantification of cell alignment during the time of culture in patterned and unpatterned zones (A) 

C2C12 mono-culture, (B) PC12 mono-culture, (C) C2C12 co-culture with PC12. 
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observed in the GelMA micropatterned zone compared to the unpatterned region, both in visible and fluorescence 

observations after double staining of the actin filament (red) with Alexa fluor 546 conjugated phalloidin and the cell nuclei 

(blue) with DAPI. The quantification of the cell alignment in the different culture systems by the alignment quantification of 

DAPI stained nuclei as described previously [1] showed significant difference between the patterned and the unpatterned 

zones (Fig. 3). The cell alignment evolution during the time of culture in the patterned zones was also different in the three 

culture systems. Thus, while the cells alignment was at 54% and 22% in C2C12 and PC12 mono-cultures, respectively, it 

increased regularly from 27% at day 1 of culture to 57% at day 5 of culture in the co-culture. In contrast, in the unpatterned 

zones (Fig. 3) the cells alignment was low at around 11% all along the culture time in the three culture systems. To induce the 

myoblasts differentiation into myotubes [6], the culture medium was then switched for a differentiation culture medium 

made of DMEM complemented with 2% horse serum (HS) and 1% antibiotics and the cells were cultured for 7 days. It was 

observed that the myotubes formation due to myoblasts fusion was significantly improved in micropatterned regions 

compared to unpatterned regions (Fig. 4). Moreover in co-culture, the presence of PC12 also enhanced significantly the 

myotubes formation compared to mono-culture (Fig. 5) as shown by the length quantification of the myotubes marked with 

anti-myosin (MY-32), IgG antibody (primary Ab 1:1000 dilution, Abcam, code ab-7784) and anti-IgG Alexa Fluor 488 

conjugated antibody (secondary Ab 1:1000 dilution, Invitrogen, code A-11001). 

 
CONCLUSION 

Our work showed that the muscular tissue formation is improved when C2C12 cells are co-cultured with PC12. 

Therefore, establishing the cellular heterotypic communication with the neural components should be considered as an 

important way of building a muscular tissue, as it is usually admitted when co-culturing myoblasts with fibroblasts or 

endothelial cells. 
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THREE-DIMENSINAL NEURON CULTURE METHOD  
CONTROLLING THE DIRECTION OF NEURITE ELONGATION  

AND THE POSITION OF SOMA  
Aoi Odawara1, Ikuro Suzuki1, AmaniAlhebshi1, Masao Gotoh1 

1Department of Bionics, computer and media science, Tokyo University of Technology, Tokyo, Japan 
 
ABSTRACT 
   We have developed a 3D neuronal circuit culturing technique by controlling the position of nerve cell body and 
the direction of neurite elongation using Collagen fiber orientation techniques and poly-dimethylsiloxane (PDMS) 
micro-processing. Using these methods, we have constructed the 3D neuronal network model extending the neurite 
into one-way direction with multiple layers, and confirmed the function of it by electrical measurement using 
multi-electrode array system. These techniques can potentially be used for regenerative medicine and development 
of drug screening model, as well as research in basic neural biology. 
 
KEYWORDS 
3D neuronal circuit, Reconstruction, Direction control of neurite elongation, Collagen fiber orientation, 
Multi-electrode arrays (MEAs) 
  

 
INTRODUCTION 

Reconstruction techniques of an artificial tissue using dissociated cells were expected to become transplantation 
technology in regenerative medicine field and understand the meaning of tissue structure and cellular population size.  
Researches to create artificial tissue from the cells have been developed mainly to target tissues such as heart [1], 
liver [2], and blood vessel [3] using a lot of techniques such as cell sheet techniques and micro-fabrication 
techniques. However, 3D reconstruction techniques for neuronal tissue have not been developed a lot. One possible 
reason for the nerve tissue is complex; it is because it has a polarity such as axons and dendrites. Although random 
3D culture techniques in collagen gel exist, three-dimensional culture technique to control the direction of neurites 
has not been developed. 

In this study, we attempt to form a direction-controlled neurite in 3D cultured neuronal network, a fixed soma 
layers in 3D neuronal network. To do this, we fabricated a poly(-dimethylsiloxane) (PDMS) microchambers to fix 
soma layers and orientated collagen gel fiber to control the direction of neurites. We confirmed that fixed soma 
layers are constructed in 3D collagen gel and extend their neurites to the collagen fiber direction and that their 
reconstructed 3D neuronal networks have electrical functions.  

 
EXPERIMENT 

Figure1 shows the procedure of 3D culturing technique by controlling the position of nerve cell body and the 
direction of neurite elongation. The PDMS sheet with micro chambers fabricated was pasted on the culture dish with 
poly-d-lysine coated (Fig.1a). Hippocampal neurons from 18-day-old Wister rat embryos were mechanically 
triturated after digestion with 0.1 % trypsine-EDTA.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Procedure of 3D neuron culture method 
Control of collagen fibers and nerve cell body position 
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Then Rat hippocampal cell suspension was dropped into the micro chambers, and incubated at 5% CO
2
, 37°C for 30 

minutes (Fig.1b). The 3D cell blocks over two cell layers were constructed by removing PDMS sheet (Fig.1c). 

Orientation of collagen gel type I fiber was controlled on the 3D cell blocks, and then cells were cultured over 1 

month. For a culture medium, neurobasal medium containing 2 % B27 supplement was used. To evaluate the 

structure of 3D neuronal network, we observed neurite and soma by immunofluorescence staining of the aldehyde 

fixed 3D cultures using fluorescence microscope. 

As a result, we observed that the neurite grow into one-way direction along the collagen fiber with cell body 

positions fixed (Fig.2). In addition, by observing neurite configuration in Z axis using confocal microscope, we 

confirmed that neurite in 3D gel matrix are elongated in one way.  

Furthermore, a multilayer structure that mimics the six-layer structure of the cerebral cortex was successfully 

created. It can be seen that neurite are elongated in one way among three cell body layers (Fig.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 Reconstructed 3D neuronal circuits 

(Blue: Hoechst 33258, Green: MAP2, Red: Tau-1), Scale bars=100μm 

 

Finally, to confirm the function of a 3D reconstructed neuronal circuit, we measured the propagation of action 

potentials between one and another cell body layer using planer multi-electrode arrays (MEAs) chip. MEAs have 

been developed as typical tools for noninvasive and long-term electrical measurement, which made it possible to 

observe the spatiotemporal activities of dissociated cultures for days and weeks. We constructed two layered 3D 

neuronal network on MEAs chip (Fig.4A). As a result, in spontaneous activity and evoked responses, the delay time 

of propagation of action potential between A and B cell body layer was observed. As shown in figure 4B, the delay 

time was 15 ms. This result suggests that the interlayer propagations were caused by chemical synapse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Propagation of action potentials between A and B layers 

(A)３D neuronal networks cultured on multi-electrode array chip, (B) Waveforms of the action potentials 

(Red: Tau-1), Scale bar=100μm 
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In this work we have developed a 3D reconstructed method of the neuronal circuit controlling the position of cell 

body and the direction of neurite elongation. These results show the potential for reconstruction of the six-layer 

structure of the cerebral cortex and for use in biological/medical field for investigating the properties of 3D neuronal 

dynamics and neurological disorder in laboratories. These results also suggest that our method will be useful in drug 

evaluation models and regenerative medicine in future. Furthermore, our methods may be useful in other biological 

tissues possessing the property of orientation. 
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THREE-DIMENSIONAL MECHANICAL COMPRESSION OF 
BIOMATERIALS IN A MICROFABRICATED BIOREACTOR WITH 

ON-CHIP STRAIN SENSORS 
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University of Toronto, Canada 
 
ABSTRACT 
    This paper reports a microfabricated mechanical testing platform, its use for biomaterial stiffness measurements, and 
its preparation for dynamic mechanical stimulation of arrayed tissue samples. We present measured structural and 
mechanical properties of hydrogel materials and demonstrate that human mesenchymal stem cells (hMSC) can be 
cultured in 3D gels within the platform.  By integrating microfluidics and dynamic mechanical environments, this 
platform provides suitable culture conditions for arrayed load-bearing tissue constructs. 
     
 
KEYWORDS  
    Micro device, mechanical loading, biomaterial, hydrogel, mesenchymal stem cell, bioreactor 

 
INTRODUCTION 

 Traditional 2D cell culture platforms do not reconstitute the in vivo cellular microenvironment and preclude 
long-term cell culture and tissue growth. 3D platforms that better mimic the microstructure, dynamic mechanical 
properties, and biochemical functionalities seen in vivo are therefore increasingly used to analyze complex cell behaviors 
and tissue growth in a more physiologically relevant context [1]. Cell fate is governed by many factors that include 
solutes such as growth factors and cytokines, mechanical and biochemical properties of the extracellular matrix, cell type, 
and applied physical forces such as mechanical stresses [2]. To study the interplay of these factors and to optimize ex vivo 
tissue regeneration, array-based microfluidic culture platforms provide combined advantages of biomimicry and 
increased experimental throughput [3]. In this work, we present a microfluidic platform for culture of arrayed tissue 
constructs under conditions that include dynamic mechanical loading. The integrated elastomeric strain sensors in our 
platforms are used to measure the sample’s mechanical properties.  

  
 

MATERIALS AND METHODS 
 As shown in Fig. 1, the platform is based on deformable (bulging) membranes that compress samples when pressure 

is supplied through an underlying channel network. Input pressure was controlled using a programmable pressure 
regulator (Marsh Bellofram model 3420) and membrane deflection amplitude was monitored by carbon nanotube (CNT) 
strain sensors (gauges) that were integrated in the membranes. Blends of CNT and PDMS are known to exhibit 
strain-dependent resistivity [4]. Membrane deflection was reduced in proportion to the sample’s stiffness and the 
magnitude of sensor’s resistive strain, |ΔR/R0|, versus input pressure therefore permitted measurement of the samples’ 

compressive moduli. Deformable membranes were fabricated using standard soft-lithography and embedded strain 
sensors were based on multiwalled carbon nanotubes that were blended with PDMS to form an elastomeric material that 
exhibits strain dependent electrical conductivity. Strain sensors were patterned by screen-printing and were embedded in 
the membranes. To minimize perturbations of membrane bulging caused by embedded strain sensors, we measured 
tensile properties of various CNT:PDMS blends to select the materials that matched the tensile properties of PDMS.   

 For synthetic tissue constructs, we used a photo-polymerizable gelatin-based hydrogel, gelatin methacrylate 
(GelMA) [5, 6], and we varied several recipes of GelMA to support human mesenchymal stem cells (hMSCs) in 3D 
cultures. Gelatin was mixed in phosphate buffered saline (PBS) using various weight to volume (w/v) ratios (5%, 10%, 
and 15% GelMA), and environmental SEM images showed (w/v)-ratio-dependent porosity (Fig. 2A). To measure sample 
stiffness, we applied cyclic driving pressure and measured the corresponding peak-to-peak resistive strain signal. To 
construct synthetic tissues, we suspended hMSCs in PBS at moderate cell densities (~105 cells/mL), which were mixed 
with equal volumes of 10% GelMA + 0.5% photo initiator. The resulting hMSC:GelMA solution was then cast in 
cylindrical wells (radius = height = 2.5 mm) and polymerized by exposure to UV light for 30 seconds (final GelMA w/v 
= 5%). The resulting cylindrical tissue constructs were loaded in the micro device and cultured for up to 21 days in 
osteogenic culture media (DMEM + 16.5% FBS + 10 mM β-glycerophosphate + 50 µM ascorbate + 10 nM 
dexamethasone). During culture, we applied cyclic compressive loads to measure tissue elastic moduli: ~10% strain was 
applied for 30 minutes every third day using a driving frequency of 0.1 Hz. “Live/Dead” (calcein AM/ethidium 
homodimer) staining was used to assess cell viability and we stained for α-smooth muscle actin (αSMA) because hMSC 
contractility is correlated with α-SMA content [7] and increased α-SMA expression in hMSCs is known to result from 
mechanical compression [8]. 
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Figure 1. Micro device for biomaterial mechanical compression. (A) Schematic of the microdevice. Samples are 

confined between a rigid glass coverslide and deformable elastomeric membranes that are deflected (bulging) using 

pressure supplied through a single inlet.  Nanotube-based strain sensors provide continuous readout of membrane 

deflection amplitude. Perfusion is achieved using a (fluid) media inlet; (B) two configurations of the microdevice: 

Samples are either cultured in the device (top) or on glass coverslides that are loaded in the device for stimulation or 

measurement (bottom); P = pressure; (C) Micro device with a single sample; electrode leads are embedded in PDMS for 

electrical insulation; scale bar = 1 cm; (D) Micro device with perfused cell culture media; membrane elements with 

embedded strain sensors are actuated by pressure and perfused with media as described in (B); scale bar = 1 cm. 

 

 

 

 

Figure 2. Structural and mechanical characterization of biomaterials. (A) Scanning electron microscope images of 

GelMA with indicated percent weight to volume ratios (w/v %) of gelatin to PBS; scale bar = 100 µm; (B) Elastic moduli, 

E, of three GelMA formulations (w/v % indicated) measured using the micro device and reference platforms; data are 

mean ± SD (N = 3); (C) Inverse resistive strain, R0/ΔR, and stiffness of GelMA drying in air (w/v = 5%);(D-F) hMSCs 

embedded in GelMA (w/v = 5%) (D) Calcein AM/Ethidium homodimer viability staining of hMSCs embedded in a 

GelMA cylinder (height= radius =2.5 mm, w/v = 5%) and cultured in the micro device for 1 week. Live or dead cells 

appear green or red, respectively; the image is in the XY-plane near the gel center (z = 1.25 mm); scale bar = 200 µm; 

(E) αSMA expression in hMSCs: αSMA (green) and nuclei (blue) are shown; scale bar = 100 µm; (F) time-dependent 

resistive strain, ΔR/R0 (top panel), and elastic modulus, E (bottom panel), of hMSC:GelMA tissue constructs during three 

weeks of culture in the micro device; cell proliferation and gel contracture resulted in increased E-values during the first 

12 days, followed by decreased E-values that resulted from gel decomposition; data are mean ± SD (N = 5). 
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RESULTS AND DISCUSSION 

    Elastic moduli, E, of three different GelMA formulations that were measured using our micro device and a 

commercially available reference platform (TestResources 840 series) were in good agreement (Fig. 2B). To demonstrate 

time dependent changes to GelMA mechanical properties, we measured drying-induced GelMA stiffening (Fig. 2C). 

These measurements proved that our device can be used to measure biomaterial stiffening within a range of elastic 

moduli that is relevant to the onset of tissue stiffening during cell-based matrix remodelling.  

    We observed hMSC spreading and proliferation in GelMA (w/v = 5%) during the first week of culture. Cell viability 

assays and confocal imaging revealed high cell viability (~80%, see Fig. 2D) throughout the gel volumes (number of gels 

analyzed = 6) and expressed αSMA (Fig. 2E). In contrast, αSMA expression was insignificant in hMSCs that were grown 

on 2D GelMA substrates under otherwise identical culture conditions (data not shown). Cell morphology is known to 

depend on matrix dimensionality but feedback between cell-based matrix remodelling and cell phenotype is only 

beginning to be studied [9].  

    After roughly two weeks in culture, gels decomposed and released cells into the culture medium. On-chip 

measurement of the tissue’s elastic moduli captured this behavior: E increased during the first 12 days and subsequently 

decreased (Fig. 2F). Our present work focuses on (i) improving gel formulations for long-term culture and (ii) 

quantifying tissue stiffness changes during osteogenic and chondrogenic hMSC-based matrix mineralization. Long-term 

tissue culture in our micro device will permit systematic studies of multivariate factors that contribute to ex vivo 

regeneration of load-bearing tissues.  

 

 

CONCLUSIONS 
    We demonstrated that arrayed mm-sized tissue constructs can be cultured in our microfabricated bioreactor. 

Mechanical stimulation is a key regulatory factor that many culture platforms lack, and integrated strain sensors permit 

online monitoring of tissue stiffness. This platform will permit the screening of soluble factors such as growth factors for 

their efficacy in tissue regeneration protocols. 
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ABSTRACT 
    This paper describes a method to observe a single neuron in a three-dimensional (3D) neuronal tissue formed by 
bottom-up tissue construction. We first formed GFP-actin-transfected neurospheroids for visualization of neurons, 
and then formed a millimeter-sized neuronal block using PDMS mold chambers. We found that 
GFP-actin-transfected neurons in the neuronal block have in vivo-like morphology and 3D extension of their 
axons/dendrites compared to 2D culture system, and that many spines were successfully formed on the dendrites. We 
are confident that our neuronal block enables morphological maturation of the neurons due to its in vivo-like 3D 
environment, and that our bottom-up construction to observe single neurons is a powerful approach for various fields 
including analysis of single neuronal behaviors in vivo, and pharmacological assay for drug screening. 
 
KEYWORDS 

3D tissue engineering, Neuron, Cortex, GFP-actin, Transfection  
 

INTRODUCTION 
Single cell observation in neuronal tissues is needed to understand the mechanism of neuronal maturation, 

synapse formation, synaptic plasticity, and neuronal network formation. GFP-actin transfection system in slice tissue 
culture has been used for this purpose. But slice tissue culture system is not easy and inconvenient, since the tissue is 
dissected from a fresh brain every time. Therefore, 3D neuronal tissue fabrication methods have been developed 
[1-3]. Although 3D hydrogel culture is a common method, it is difficult to form in vivo-like neuronal morphology 
and many synapses. Here, we describe a method to observe a single neuron in a millimeter-sized neuronal tissue 
formed by bottom-up tissue construction. We also evaluated the morphological maturation of the neurons in the 
neuronal block and compared to 2D culture system. 

Figure 1 shows the concept of our study, which consists of the following 3 steps: (1) Formation of 
GFP-actin-transfected neurospheroids, (2) Formation of neuronal block, and (3) Neuronal maturation and single cell 
observation. We have already reported the establishment of the neuronal block using PDMS mold chamber [4]. In 
this paper, we investigated in detail about the fabrication of neuronal block for observation of single cells.   

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Conceptual illustration of our study. We made a neuronal tissue block using “bottom up” 

neuronal tissue fabrication methods. In the neuronal block, we can observe the detailed morphological 
change of GFP-actin transfected neurons. 
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FORMATION OF NEURONAL BLOCKS  
To fabricate a neuronal tissue block, we 

first prepared the uniform-sized neurospheroids 
on a PDMS microchamber array using the 
previously reported method [2]. PDMS 
microchamber array is generated using 
conventional photolithography and soft 
lithography techniques. Briefly, SU-8 negative 
photoresist were span onto a silicon wafer and 
soft baked.  The resist was exposed to UV light 
through a patterned photomask using a mask 
aligner and developed using SU8-developer 
solution. This process creates an SU8 master that 
could be used to mold PDMS. The PDMS 
microchamber was formed by pouring PDMS 
(10:1, prepolymer: curing agent) onto the master 
and curing for 2 h at75 °C. Removal of the 
PDMS from the wafers yielded PDMS 
microchamber array for cell culture (Figure 2a).  

The cerebral cortices were dissected from 
Wistar rats (embryonic day 16-19) and cultured 
using previously described methods [3-5]. 
Briefly, the cerebral cortices were dissociated 
with papain and triturated through a pipette. The 
cortical and hippocampal cell suspensions were 
seeded onto the PDMS microchamber array 
(diameter: 100 or 150 m) and non-dropped cells 
were removed after 30 min by changing the 
medium. Cultured cells were maintained at 37°C 
under a humidified atmosphere of 5% CO2 and 
95% air. After 48-72 h of culture, we molded 
uniform-sized neurospheroids into a PDMS mold 
chamber and cultured (Figure 2b, c). Almost all 
neurospheroids connected to each other after 60 
min of culture (Figure 3a). After 24 h of culture, 
millimeter-sized neuronal tissue blocks could be 
formed and completely released from the 
chamber (Figure 3a). We also estimated the 
shrinkage of a neuronal block in the following 
culture days (Figure 3b). Neuronal tissue blocks 
were shrunk to about 80 % by day 17.  

 
SINGLE NEURON OBSERVATION 

For the detailed observation of neuronal 
morphology in the 3D neuronal tissue block, we 
first transfected cortical neurons in the 
neurospheroids with pAcGFP1-actin vector using 
the XfectTM transfection reagent (Figure 4). And 
then, millimeter-sized neuronal tissue blocks 
were formed by GFP-actin-transfected 
neurospheroids. After 10 days of culture, we 
observed GFP-actin-labeled single neuron in the 
neuronal tissue block using confocal laser 
microscope. GFP-actin-labeled neurons had in 
vivo-like morphology, and many spine-like 
structures were observed on their dendrites. We 
also compared dendrite and axonal extension 
between 2D neuronal culture condition and 3D 
neuronal tissue block (Figure 5). In the 3D 
neuronal tissue block, neurons extended their 
dendrites and axons at Z-depth of more than 120 
m. 
 

Figure 2. Microchamber and mold.  (a) Illustration of 
PDMS microchamber. The diameter and depth of the 
chamber had the same value. (b) 3D illustration of a mold 
to produce the neuronal blocks. (c) Photograph of a PDMS 
chamber to produce the neuronal blocks. 

Figure 3. Formation and shrinkage of neuronal tissue 
block. (a) Fabrication yield of neuronal blocks at 10 min, 60 
min. and 24 hours. (d) Shrinking change of neuronal tissue 
blocks after 17 days of culture. 

Figure 5 GFP-actin transfected neurons in the 2D culture 
and neuronal blocks. (a), (b) Confocal laser microscopic 
images of GFP-actin transfected neurons. 

Figure 4. GFP-actin-transfected neurons in a neuronal 
tissue block. (a) Confocal laser microscopic image of 
GFP-actin-transfected neurons in the neuronal tissue block. 
(b) Confocal laser microscopic image of a dendrite in the 
neuronal tissue block. Dendrite had many spine-like 
structures. 
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CONCLUSION 

This study describes a strategy for single cell observation in a 3D neuronal tissue block. We developed an 

efficient technique to visualize neuronal morphology in millimeter-sized neuronal tissue blocks. We also 

demonstrated that many spine-like structures were observed on the dendrites in the neuronal tissue block, and 

dendrites and axons were extended in 3D spatial-space. Therefore, single neuron observation system would be an 

extremely effective tool for the analysis of single neuronal behaviors in 3D neuronal tissue. 

 

ACKNOWLEDGEMENTS 

We thank M. Onuki for her technical assistances. 

 

REFERENCES 

[1] Melissa J. M and Kristi S. A, Three-dimensional growth and function of neural tissue in degradable polyethylene 

glycol hydrogel, Biomaterials, 27, 2265–2274 (2006). 

[2] Melissa J. M and Kristi S. A, Contrasting effects of collagen and bFGF-2 on neural cell function in degradable 

synthetic PEG hydrogels, Journal of Biomedical Materials Research Part A, 81A, 269–278 (2007). 

[3] Anja K. et al., Micropatterning neural cell culture in 3D with a multi-layered scaffold, Biomaterials, 32, 2088–

2098 (2011). 

[4]M. K.-Negishi, et al., Forming of 3D neuronal pathway by neuronal block assembly, Proceedings of 15th 

MicroTAS, 1496-1498 (2011). 

 

CONTACT 

Midori Kato-Negishi, Institute of Industrial Science, the University of Tokyo, 4-6-1, Komaba Meguro-ku, Tokyo, 

JAPAN, Tel: +81-3-5452-6650; Fax: +81-3-5452-6649, E-mail: negishi@iis.u-tokyo.ac.jp  

 1146



SELF-VASCULAIZING THREE DIMENSIONAL COLLAGEN BY 
RECOMBINANT BACTERIOPHAGES 

Junghyo Yoon1, Nuriye Korkmaz2, Sewoon Han1, Chang-Hoon Nam2*, and Seok Chung1* 
1Korea University, Korea, 2Korea Institute of Science and Technology in Europe, Germany 

 
ABSTRACT 

Developing tissue inducing vascularization is of great important to the functional tissue design. We have 
genetically engineered recombinant bacteriophage displayed vascular endothelial cell growth factor (VEGF) on their 
coat proteins and combined it on the type I collagen scaffold, natural extracellular matrix. This functionalized tissue 
can lead angiogenesis and capillary morphogenesis itself without any VEGF supply. We showed that the 
functionalized collagen scaffold with VEGF conjugated recombinant bacteriophage was able to induce angiogenesis 
as well as capillary morphogenesis in three dimensions. There functionalized scaffold offers promising solution for 
therapies for graft surgery, such as acceleration of recovery after skin graft, or as intentional leading of vascularizing 
for preventing parenchyma necrosis. 
 
KEYWORDS 
collagen, bacteriophage, angiogenesis, vascular endothelial cell growth factor  

 
INTRODUCTION 

Bacteriophages are filamentous virus particles that can infect bacteria. Filamentous phages have been widely 
applied in nanotechnology, biomedicine, and tissue engineering.[1-3] Recently, the bacteriophage as a 
supramolecular template for a deliberate cell morphogenesis is receiving much attention, but these studies are just 
conducted with two dimensional system such as glass or MEMs patterned surface.[4] Because of these limitation, it 
is not sufficient to implement an in-vivo like situation. 

This paper introduces a self-vascularizing tissue by vascular endothelial cell growth factor(VEGF) conjugated fd 
filamentous bacteriophage(fd-VEGF). Our group and nano-medicine team in KIST-Europe, Germany, developed a 
various type of fd-VEGF functionalized collagen block, inducing vascularizing itself. And to verify its capability, we 
applied a novel in vitro three dimensional microfluidic chip.[5] With these technologies, VEGF which is a soluble 
molecule is immobilized on a collagen fibrous structure by bacteriophage and the fd-VEGF functionalized collagen 
could generate angiogenesis itself. 

 
 

EXPERIMENT 
As illustrated figure 1, we developed two type of fd-VEGF functionalized collagen block(fd-VEGF collagen), 

bound and mixed type, inducing angiogenesis by VEGF on genetically modified bacteriophage. Also these are 
engineered to verify its capability by the novel in vitro three dimensional microfluidic chip. 

First of all, to confirm an interaction between fd-VEGF and collagen, we conducted enzyme-linked 
immunosorbent assay(ELISA) in 96-well plates with fd filamentous phage(wild type) and fd-VEGF with various 
conditions, collagen coated surface for bound type and normal surface for mixed type. Each type of sample was 
incubated with different concentrations in each well. As a result, fd-VEGF successfully combined on collagen in 
both type. Secondly, we stained fd-VEGF to investigate combination morphology in collagen. We made each type of 
scaffold, normal, fd-VEGF mixed, and bound collagen. We put the antibody which could attach major coated protein 
p8 on the bacteriophage. As shown in figure 2, fd-VEGF is combined on the collagen fiber homogeneously, but two 
types, bound and mixed, expressed different combination morphology. While fd-VEGF showed a filamentous 
structure in bound case, fd-VEGF expressed dot like structure in mixed case. 

To verify an angiogenic capability of the fd-VEGF collagen, we conducted the three dimensional microfluidic 
chip in vitro assay. Human micro-vascular endothelial cells(hMVECs) are seeded in the fd-VEGF collagen injected 
microfluidic chip. hMVECs express angiogenesis as shown in figure 3. hMVEC cultured on fd-VEGF mixed 
collagen sprouted more than hMVEC cultured on the fd-VEGF bound collagen, of course, the cells didn’t express 
angiogenic morphology in normal collagen . 

 In conclusion, the fd-VEGF functionalized collagen blocks are successfully generated through the various 
combination of fd-VEGF and collagen and these angiogenic capabilities are confirmed. However, a combination 
mechanism and a different capability between bound and mixed type with quantified cell sprout should be explained. 
It has many applications for treatment for skin graft, bypass for clogging blood vessel, and so on. 

 
 

 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1147



 
figure 1. (a) schematic concept of a combination between collagen and fd-VEGF and cell culture analysis, (b) 

three dimensional cell culture system 
 

 
figure 2. fluorescence image of fd-VEGF bound(a) and mixed collagen(b). 

 

 
figure 3. angiogenesis of hMVECs on fd-VEGF bound collagen scaffold 
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ABSTRACT
This paper describes the differentiation of dedifferentiated fat (DFAT) cells cultured within alginate shell 

microfibers into smooth muscle-like cells.  A microfluidic co-axial device was developed and used to fabricate 
DFAT cell fibers.  DFAT cells embedded in extracellular matrix (ECM) composed of fibrin and collagen inside the
alginate shell of microfibers were cultured for one week in control and differentiation induction media.  Using such 
technique, we successfully cultured DFAT cells as 3D fibers and demonstrated differentiation of DFAT cells into 
smooth muscle-like cells.  These findings suggest the use of DFAT 3D cell fibers as a promising and efficient 
approach for tissue regeneration.

KEYWORDS
3D culture, alginate, DFAT, smooth muscle cells, tissue engineering, regenerative medicine

INTRODUCTION
Recently the establishment of DFAT cells has brought promising light to the field of regenerative medicine.  

DFAT cells are originally derived from adipose tissue and generated through ceiling culture, which leads to 
dedifferentiation of the cells.  DFAT cells with multilineage differentiation potential (adipogenic, osteogenic, 
chondrogenic, muscle) could be expanded with high purity without gene manipulations, which provides greater 
efficacy and safety in clinical applications [1,2].  When DFAT cells cultured in 2D were induced in differentiation 
medium, cells have been shown to differentiate into smooth muscle α-actin (ASMA, a smooth muscle lineage 
specific marker) positive cells, but did not express markers of mature smooth muscle cells (SMCs) [2].  Alternative 
culture condition must be defined to induce differentiation into more mature and functional SMCs, and physiological 
3D culture microenvironment is anticipated to provide more efficient differentiation.  Nevertheless, it has been 
traditionally challenging to culture DFAT cells in 3D and induce differentiation into SMCs.  Our preliminary data 
suggests that 3D spheroid culture of DFAT cells is not optimal for differentiation into SMCs due to the lack of 
elongated cellular morphology when cells are aggregated as spheroids.  Therefore, to induce efficient 
differentiation of DFAT cells into SMCs, it is essential to preserve cells in their stretched morphology while 
culturing them in a biomimetic 3D microenvironment.

Figure 1.  (a) Schematic of the microfluidic device for DFAT cell fiber fabrication.  DFAT cells were encapsulated 
within alginate shell fibers through the double coaxial laminar flow achieved in the device with the parameters listed.
(b) Actual images of the microfiber immediately after seeding and 1 day after initial fabrication.
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EXPERIMENTAL 
Microfluidic co-axial device [3] (Figure 1a) was used to encapsulate DFAT cells inside alginate microfibers 

(Figure 1b).  The device was fabricated from two pulled glass capillary tubes assembled in tandem and joined by 
three-way connectors.  DFAT cells suspended in a 1:1 mixture of fibrinogen (33.3 mg/ml) and 0.4% collagen at 1 x 
107 cells/ml was introduced as the core stream at a flow rate of 50 µl/min using syringe pump.  1.5 wt% sodium 
alginate solution and 100mM CaCl2 with 3 wt% sucrose solution were similarly introduced as the shell and sheath 
solutions at 150 µl/min and 3.6 ml/min.  Using such condition, DFAT cells (isolated and derived from rabbit 
adipose tissue) in fibrinogen-collagen matrix were successfully encapsulated within alginate shell fibers.  
Immediately following fabrication, the fibers were incubated with thrombin (4.2 units/ml) for 15 min at 37oC to 
convert fibrinogen into fibrin.  The fabricated DFAT core-shell fibers were then cultured in normal DFAT growth 
media (DMEM + 10% heat-inactivated fetal bovine serum (HI FBS) + 1% Penicillin-Streptomycin (P/S)) 
supplemented with 20 µg/ml of aprotinin (fibrinolysis inhibitor) overnight.  On the following day when DFAT cells 
formed into cell fiber constructs, differentiation of DFAT cells into SMCs was induced by replacing the media with 
differentiation media (DMEM + 5% HI FBS + 1% P/S + 5 ng/ml TGFβ).  DFAT cell fibers were cultured in 
differentiation media for a total of 6 days, with media exchanges performed on differentiation day 2 and 4.  
Similarly a control condition was carried out using normal DFAT growth media.  On the last day of experiment 
(differentiation day 6), the DFAT cell fibers were fixed in 4% paraformaldehyde and subsequently stained with 
Hoechst 33342 and anti-ASMA antibodies. 
 
RESULTS AND DISCUSSION 

We first characterized the behavior of DFAT cells cultured under various conditions, and found a moderately low 
cell density in a mixture of fibrin and collagen as the optimal cell-extracellular matrix environment for DFAT cells to 
form into fiber constructs and be kept as such forms for a 1-week period.  Following encapsulation of DFAT cells 
into alginate shell fibers, DFAT cells still exist as rounded single cells within the core ECM (Figure 1b).  DFAT 
cells subsequently self-arranged into long fiber shapes within a few hours of seeding, and formed into solid cell 
fibers by day 1 (Figure 1b).  Figure 2 further shows the images of DFAT 3D cell fibers on Day 1 and Day 7 of 
culture.  Under both control and differentiation conditions, DFAT cells formed into cell fibers by day 1 (Figure 2a, 
c), spontaneously coiled into spring-like shapes by day 3 (data not shown) due to the cells’ strong contractile force, 
and stayed in such form throughout the rest of the culture (Figure 2b, d). 

 
Figure 2.  Images of DFAT-fibrin-collagen cell fiber inside alginate shell on Day 1 (Differentiation Day 0) and Day 
7 (Differentiation Day 6) under control (a-b) and differentiation induction (c-d) conditions.  Scale bar = 500 µm. 
 

On the last day of culture (day 7), DFAT cell fibers were evaluated for the presence ASMA.  The staining results 
(Figure 3) showed that only a small portion of DFAT cells in the control 3D cell fiber expressed ASMA; whereas 
almost all cells in the fiber induced for SMC differentiation were found to be positive for ASMA.  In addition to 
such high rate of DFAT cell differentiation into ASMA positive cells, the orientation of the ASMA expressed in the 
differentiated cell fiber was very well-aligned in the longitudinal direction.  Differentiation of DFAT cells into 
smooth muscle-like cells with such alignment of the ASMA has not been achieved in DFAT cells differentiated in 
conventional 2D dish cultures.  This suggests that 3D cell fiber construct provides a better microenvironment for 
more efficient DFAT cell differentiation into SMC compared to conventional 2D dish cultures.  Thus far, we have 
successfully induced efficient differentiation of DFAT cells into ASMA positive cells in our 3D cell fiber culture 
system over a 1-week culture period.  However, ASMA is only an early marker of smooth muscle differentiation [4].  
Currently long-term culture (> 1 week) of DFAT cell fibers induced for smooth muscle differentiation is underway in 
our group, in which the expression of mid- to late-phase smooth muscle markers such as calponin, smoothelin, and 
myosin heavy chain (MHC) is being investigated for differentiation into more mature and functional SMCs.  Since 
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cell therapies based on SMC differentiation may provide treatment for various diseases concerning SMC dysfunction, 
efficient differentiation of a reliable source of precursor cells into mature and functional SMCs is especially critical.  
3D DFAT cell fibers are anticipated to bring positive impacts to the regenerative medicine field as they could be 
easily handled and transplanted to injured organ tissues for reconstitution of tissue function. 

 
Figure 3.  Confocal section images of control (a) and differentiated (b) DFAT fiber samples stained with Hoechst 
33342 (blue) and anti-ASMA antibodies (red).  Scale bar = 100 µm. 
 
CONCLUSION 

Here, we successfully developed a microfluidic device to encapsulate DFAT cells into 3D alginate shell fibers.  
We subsequently demonstrated that such 3D fiber construct provides an excellent environment for efficient 
differentiation of DFAT cells into smooth muscle-like cells.  Using such 3D cell fiber culture system, we showed 
that DFAT cells expressed ASMA in well-aligned pattern that has not been recapitulated in 2D dish cultures.  3D 
DFAT cell fibers are expected to be useful in tissue engineering and regeneration of functional smooth muscle cells. 
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FABRICATION AND SELF-ASSEMBLY OF MOVABLE 
MICROSTRUCTURES EMBEDDING CELLS INSIDE MICROFLUIDIC 

DEVICES  
Tao Yue, Masahiro Nakajima, Chengzhi Hu, Yajing Shen, Hirotaka Tajima, Toshio Fukuda 

Nagoya University, Japan 
 
ABSTRACT 
    Currently the research about large quantities cells assembly is seriously regarded, since it can provide high 
efficiency methods for artificial tissue engineering. In this paper, we report a cell assembly method based on cell 
immobilization by photo-crosslinkable resin and microfluidic self-assembly inside microfluidic devices. The on-chip 
fabrication of movable microstructures embedding yeast cells (W303) based on Poly (ethylene glycol) Diacrylate 
(PEGDA) was reported. A 2-layer microfluidic device was fabricated by Polydimethylsiloxane (PDMS) and 
self-assembly method of the fabricated movable microstructures via this device was preliminarily demonstrated. 
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INTRODUCTION 

The cells inside real tissues and organs are usually arranged with large amount according to certain patterns and 
shapes, such as neural cells, skin and blood vessel. For artificial tissue engineering, an important issue is 
high-throughput cell assembly. [1] The convenient methods for cell assembly are based on such as optical tweezes, 
surface adhesion and fluidic channel structures. Optical tweezers is low-damage and easy to be controlled. 
Automatic cell manipulation system is constructed. But the manipulation force is weak and efficiency is low. [2] By 
using surface adhesion and fluidic channel structures, it is able to assembly cells with high efficiency. While the 
position of cells is not flexible since surface properties and channel structures are not easy to change. [3][4]  

On-chip fabrication based on photo-crosslinkable resin via UV illumination is a creative way for immobilizing 
cells. Microstructures are directly fabricated inside microfluidic channel within short time. [5] If the cells are mixed 
inside the photo-crosslinkable resin in advance and then injected inside microfluidic channel, the cells are able to be 
directly immobilized inside the microstructures. These microstructures could be arbitrary shaped and they are the 
components for assembling 3D cell structures. There are several advantages of the on-chip fabrication method such 
as high-speed, low-cost and arbitrary shaped. [6]  

Self-assembly is a suitable approach for high-throughput cell assembly because of its low time consuming. [7] 
Self-assembly method is applied in many researches. 3D structures can be assembled by air. [8] Furthermore, inside 
microfluidic devices, different 3D microstructures are self-assembled based on special channel which shows great 
potential to be used in large amount cell assembly. [9-11] 

In this paper, we report a cell assembly method based on cell immobilization by on-chip fabrication and 
microfluidic self-assembly inside microfluidic devices. The whole research procedure is shown in Figure 1. There 
are 3 advantages in this research. First, the arbitrary shaped microstructures are able to be efficiently on-chip 
fabricated inside microfluidic chips. Second, the large amounts of cells are able to be immobilized inside 
microstructures. Third, the assembly of microstructures embedding cells is with high efficiency because of the 
microfluidic self-assembly.  

 

Figure 1. A schematic drawing of the cell assembly 
method 

Figure 2. Fabrication procedure of PDMS microfluidic 
chip with PDMS coated bottom surface 

 

Movable microstructures embedding yeast cells (W303) based on Poly (ethylene glycol) Diacrylate (PEGDA) 
was reported. A 2-layer microfluidic device was fabricated and self-assembly method of the fabricated movable 
microstructures via this device was preliminarily demonstrated. 
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EXPERIMENT AND RESULTS 
Microfluidic chip made of PDMS is a key component for many microfluidic applications as well as the used 

on-chip fabrication method [12]. The fabrication procedure for PDMS (SILPOT 184 W/C, Dow Corning Toray) 
microfluidic chip with PDMS coated bottom surface is shown in Figure 2. Fabrication method is also based on 
photolithography. The mold of the microfluidic channel was made by photoresist SU-8. The silicone tube was put in 
the hole and the solution was injected to the channel by the negative pressure. 

On-chip fabrication was conducted inside this chip. As shown in Figure 1, via the microscope, the patterned 
UV-ray was illuminated through the mask to the photo-crosslinkable resin which was injected into the microfluidic 
device made of Polydimethylsiloxane (PDMS). The photo-crosslinkable resin, which is Poly (ethylene glycol) 
Diacrylate (PEGDA), has low toxicity. Cell viability is positively confirmed inside several kinds of PEG-DA such as 
molecular weight 700 and 3400. [13] This resin was polymerized and microstructures with arbitrary shape were 
directly fabricated at desired place inside the channel of microfluidic device. The fabricated microstructures on the 
PDMS surface can move in the non-polymerized resin freely. [14]  

By mixing yeast cells (W303) inside PEG-DA solution and PDMS coating layer on the channel bottom, movable 
microstructures embedding cells were fabricated directly inside microfluidic chips as shown in Figure 3. The 
fabrication time is 0.2 second. Because of the used donuts shaped mask, the donuts shaped microstructure was 
fabricated. The inner and outer diameter of the microstructure was about 40 μm and 100 μm.  

 

Figure 3. Fabricated movable microstructure embedding 
yeast cells 

Figure 4. Schematic of a microfluidic device for 
self-assembly of movable microstructures 

 

For constructing cell 3D structures based on the fabricated movable microstructures, a microfluidic device with 2 
PDMS layer (upper part and bottom part) was presented as shown in Figure 4. The upper part is commonly designed 
with a 500μm width channel for providing the space of microstructure fabrication. There is a micro well inside 
bottom part for assembling the fabricated movable microstructures and a micro groove for releasing solution but 
microstructures. The diameter of the well is 130 μm and the width of the groove is 40μm. The depth of the well is 
50μm and the gap between upper and bottom parts is 10μm. As shown in Figure 4, the fabricated movable 
microstructures will flow with the solution and go into the micro well, then stop at the top of the micro groove. 
Therefore, the stopped microstructures will be assembled from bottom to the top one by one. Finally, it will form a 
tube shaped 3D structure with large amount of cells.  
 

Figure 5. Fabricated bottom part of the PDMS 
microfluidic device 

Figure 6. Self-assembly result of microstructures inside 
microfluidic channel 

 

The fabrication method is the same as shown in Figure 2 and the fabricated bottom part is shown in Figure 5. The 
size of the micro well and groove is 135μm and 43μm. Depth of micro well is 53μm. The experimental result is 
shown in Figure 6. The fabricated first microstructure successfully went into the micro well as shown in Figure 6(c). 
Then the second and third one also went into and assembled as shown in Figure 6(d). 
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DISCUSSION 
The cells inside the fabricated movable microstructures are randomly distributed without control. It is very 

important to control the cell concentration inside certain area for in vitro culture. Therefore, the approach for 
controlling cell concentration or pattern inside on-chip fabricated movable microstructures will be a suitable research 
topic for the next step.  

Self-assembly of donuts shaped microstructures is demonstrated. The assembled microstructures contain 3 layers 
was succeed. However, the experiment result is not good because of the difference of the size between the fabricated 
microstructures and the micro well. As shown in Figure 6(d), the assembled 3 layers are not in the same axis. Next 
time the micro well should be fabricated close to the size of the microstructures and make sure the assembled ones 
are able to be in the same axis. 

These movable microstructures are able to be further assembled to be large 3D structures. By continually 
fabrication of movable microstructure, a tube shaped structure is able to be constructed. By culturing cells, it could 
become functional component of artificial tissue. Also, microstructures with different shapes should be fabricated to 
form different functional cell 3D structures. 

 
CONCLUSION 

In this paper, we reported a cell assembly method based on cell immobilization by photo-crosslinkable resin and 
microfluidic self-assembly inside microfluidic devices. The on-chip fabrication of movable microstructures 
embedding yeast cells (W303) based on PEGDA was presented. A 2-layer microfluidic device was fabricated by 
PDMS and self-assembly method of the fabricated movable microstructures via this device was demonstrated. 
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ABSTRACT
A micropump driven by a heart muscle of insect was designed and demonstrated in this work. To realize 

bioactuator with self-contraction and environmentally robustness in a microfluidic device, an insect muscle tissue as 
a power source was applied for in-situ liquid flow generation. A diaphragm-based micropump was designed, 
fabricated and assembled with an insect muscle tissue. The micropump generated pulsation flows in a microchannel 
at room temperature without CO2 control for the tissue culture. The insect tissue based bioactuator with robustness
will be widely useful for in-vitro models of circulatory organ and tissue.

KEYWORDS: Bioactuator, Micropump, Muscle Contraction.

INTRODUCTION
Pulsation flows in dorsal blood vessels are essential for 

physiological micro-environments of tissue organs. Although many 
micropump devices for in-vitro model with outer/inner actuators 
have been developed, precise controls and connections with 
electrical/mechanical systems to generate biological flows are 
required [1]. Recently, engineered muscle tissue or cell sheet made 
from mammalian cells were proposed as bioactuators [2-4]. In this 
paper, a bio-hybrid micropump driven by a heart muscle of insect 
(larva), which is expelled from agricultural fields, is proposed. 
Insect muscle can be used as a robust bioactuator at room 
temperature for a long term [5-8]. With the integration of a muscle 
tissue in a microfluidic chip, in situ and feeble pulsation in a 
microchannel without any complicated connections was generated 
similarly to biological capillary blood flows.

DESIGN AND FABRICATION
A micropump system consists of the microchannel and the diaphragm membrane with the base for a muscle 

tissue clamp over the microchannel as shown Figure 2. When the clamped muscle tissue contracts, the base leans and 
lifts the diaphragm membrane. And then liquid in the microchannel introduces into the diaphragm chamber (Figure 
2B). Following the relaxation of the muscle, the diaphragm membrane becomes even and pushes liquid out (Figure 
2A). As the heart muscle contracts spontaneously, the pulsation flows are formed in the microchannels. To realize the 
pump mechanism with robustness at the room temperature, a insect heart muscle tissue (length: ~ 4 mm, width: ~ 50 
μm), which is isolated from a larva of Ctenoplusia agnate (Figure 1) and has the advantages of the contraction force 
(~ 90 μN) with the robustness of the wide range conditions of temperature and medium pH [5-8], was used as an 
engine for the micropump. According to the contraction force and the size of the muscle tissue, the micro-scale 
diaphragm membrane (diameter: 1.0 mm, thickness: 10 μm) and the microchannel structures were confirmed to 
generate the sufficient displacement (~ 100 μm) of the diaphragm using the finite element method based simulation 

Figure 1. A Larva (Ctenoplusia agnate)
as biomaterial for bioactuator.

Figure 2. Cross-sectional schematic diagrams of the micropump mechanism driven by contractions of 
a muscle tissue. The structures are (A) A clamped muscle tissue relaxes in medium. (B) A muscle
tissue contracts and then the diaphragm membrane is lifted. 
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software (COMSOL® multiphysics) as shown Figure 3. The two clamp bases and microchannel made of 
polydimethylsiloxane (PDMS) were fabricated using conventional photolithography technique with SU-8® 
(MicroChem) and PDMS molding process. Briefly, a precise Cr-photomask for the clamp bases, diaphragm 
membrane, and microchannel was fabricated using a maskless lithography system (DL-1000; NanoSystem Solutions, 
Tokyo, Japan). The photomask was then exposed to UV light using a mask aligner to produce the structure of the 
SU-8 50 photoresist (MicroChem, Newton, MA, USA) on a silicon wafer. The PDMS parts and microchannel were 
formed by replicating the SU-8 master using PDMS prepolymer (Sylgard 184 silicone elastomer kit; Dow Corning, 
Midland, MI, USA). After the inlet and outlet holes were punched, the PDMS chip was bonded to a glass slide by O2 
plasma treatment. The depth and width of the microchannels were 50 μm and 100 μm respectively. 
 

ASSEMBLY OF A MUSCLE TISSUE 
The microchannel chip with the diaphragm was immersed in insect culture medium and rotated with centrifuge at 

the rate of 3000 rpm to be filled with liquid containing fluorescent microbeads for the observation of pulsation flows 
in the microchannel. A heart muscle tissue was isolated from the larva and cultured in insect culture medium, 
TC-100 (Sigma-Aldrich) supplemented with 10% fetal bovine serum, at 25 °C for 6 hours before assembling the 
tissue. The heart muscle tissue was bridged between the two clamp bases (Figure 4B). 

 
Figure 4. Microscopic images of the clamp base of muscle tissue on the diaphragm membrane. (A) The base without 
a muscle tissue. (B) A heart muscle tissue of insect clamped with the base. 
 
RESULTS AND DISCUSSION 

The simulation result with COMSOL shows that the contraction force causes 100 µm in displacement of the 
diaphragm membrane when an insect muscle tissue generates contraction force at 90 µN on the diaphragm PDMS 
membrane with the 20 µm in thick and 1.0 mm in diameter in the case of ignoring the liquid component (Figure 3B). 
Considering this result, we estimated that one contraction of the muscle tissue generates liquid flow of 0.16 µL at the 
maximum in the microchannel. In contrast, it is confirmed that the displacement of the diaphragm membrane was 4 
µm (∆z in Figure 3A) from experimental observation of the motions of the clamp base with the muscle tissue. This 
experimental result indicates the generation of liquid pulsation of 6.3 nL per one muscle contraction. In addition, 
from the microscopic observation of microbeads in the pulsation flows as shown in Figure 6A, it was confirmed that 
the contraction of the assembled muscle tissue generated pulsation flows with the displacements of approximately 20 
µm (Figure 5B).  

Figure 3. An estimation of the displacement of the diaphragm membrane. (A) A schematic of the cross-sectional 
structure of the diaphragm membrane pulled by contraction force. The shape of dot line shows the membrane 
attached the base before the muscle contraction. ∆z means the z-axis displacement of the top of the membrane. (B) 
A computational simulation (COMSOL Multiphysics) of the deformation of the membrane with the force (90 μN) 
from an insect muscle. The PDMS membrane with 20 μm in thick and 1.0 mm in diameter is simulated. 
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Figure 5. Measurement of pulsation flows driven by the muscle tissue in the microchannel. (A) A microscopic image 
of flows containing microbeads for the visualization of liquid flow. (B) The displacements of the microbead in the 
pulsation flows in the microchannel. 

 
CONCLUSION 

The micropump assembled with insect muscle tissue as an actuator for liquid pumping in a microchannel was 
proposed in this report. It was achieved that capillary pulsation was generated by insect muscle tissue contraction at 
room temperature although the experimental volume of pulsation flow generated by the muscle tissue was lower 
than that estimated by computational simulation. This bio-hybrid microfluidic device with temperature robustness 
has a potential applications not only for in vitro models of biosystems, but also for actuators as a transducer between 
chemical and mechanical energy in microdevices.     
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ABSTRACT 
In this paper, we describe the evaluation of PDT procedures performed in a newly designed microsystem in which migra-

tion and interaction between normal and carcinoma cells are possible. The geometry of the microsystem contains two micro-
structure with a network of microchannels and five pair of culture microchambers. Each pair is connected with an additional 
channel. The geometry of the microsystem allowed for introducing separately two cell lines (human lung carcinoma - A549 
and normal - MRC-5 cells) into the microchambers. Moreover, growth and migration of the cells were monitored. Finally, in 
this coculture the toxic effect after PDT procedures was investigated. 

KEYWORDS: normal-carcinoma cells coculture, migration, microfluidic system, photodynamic therapy (PDT),  
5-aminolevulinic acid (ALA) 

INTRODUCTION 
The development of novel anticancer drugs or therapeutic approaches is related with knowledge of cellular functions. 

Carcinoma cells grow in the place and in direct contact with normal cells. Therefore, understanding of cell migration at the 
molecular level and normal-carcinoma cells interactions cultured in the same environment/medium is very important [1]. 
Photodynamic therapy (PDT) is a promising method for the detection and treatment of cancer, which must be still examined. 
The cells migration analysis or investigation of PDT procedures can be performed in microfluidic systems [2,3]. The applica-
tion of microdevices allows for investigation in more realistic cell-cell interaction than in a classic cell culture. Moreover, 
fast and cheap evaluation of cytotoxicity and anticancer therapies is possible. 

EXPERIMENTAL 
The designed (PDMS/glass) microdevice consists two microstructures with a network of microchannels and five pair of 

culture microchambers. Each pair is connected with connecting microchannel (a length from 30µm to 300µm). At the end of 
channels the common microchamber was placed (Figure 1). 

Figure 1. The geometry of the microfluidic system used for evaluation of PDT procedures, a length of connecting micro-
channels was 300, 200, 100, 80 and 30 m respectively. Two separate microstructures were fabricated with different dimen-

sion of microchambers (1 mm and 500 µm). 

In order to evaluate the effectiveness of PDT, human lung carcinoma-A549 and normal-MRC-5 were seeded in appropriate 
microchambers without affecting each other. Parameters of PDT procedure (with 5-aminolevulinic acid) were elaborated in 
our previous work (irradiation trough the PDMS cover using a high power LED: =625nm, t=60s, energy dose=30J/cm2) [3]. 

RESULTS AND DISCUSSION 
In figure 2, MRC-5 and A549 cells after introduction in the microchambers are shown. The last microchamber is com-

mon for both cell lines. The microchannels’ geometry ensured proper flow of cells’ suspension and allowed for simultaneous 
introducing of two cell lines into separate microchambers. Moreover, connecting microchannels enabled migration of the 
cells and medium exchanging from two cultures. After 24 h, both of cell lines very well adhered to growth surface. We ob-
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served that only isolated MRC5 cells migrated in the specially fabricated connecting channels. It has been found that the 
shorter distance between microchambers, the faster cell migration. Figure 3 shows the microchambers with two different cell 
lines A549 and MRC5(a length of connecting microchannels -30 µm). 

 

   
Figure 2. The MRC-5 and A549 cells cultured in the  Figure 3. The MRC-5 and A549 cells cultured in the 
microchambers with connecting microchannels (300  microchambers with 30 µm connecting microchannels  
and 100 µm) for migration analysis. The last   for migration analysis.  
microchamber is common for both cell lines. 
 

The toxic effect after PDT procedures (with ALA) on the separated MRC-5 and A549 cell culture was investigated. It 
was proved that the usage of 0.75mM ALA in PDT procedures caused death of 95% of carcinoma A549 cell, whereas only 
5% of normal MRC-5 cells. Next, we studied how the migration of the cells in the connecting microchannels and medium 
exchanging in these connecting microchannels influence on the viability of the MRC-5 and A549 cells after PDT procedures. 

 

 
Figure 4. The MRC-5 and A549 cells cultured in the microchambers after PDT procedures and viability test with calceine 

AM and propidium iodide. 

 1160



72 hours after MRC-5 and A549 cells seeding, the PDT procedures with 0.75mM ALA in the microsystem were per-
formed (Figure 4). After viability test (with calceine–AM and propidium iodide) MRC-5 cells were still alive and A549 cells 
were dead in the pair of microchambers connected with microchannels with a length of 80 – 300 µm. We observed that, the 
number of the dead normal cells in the shortest connecting microchannel (30 µm) and the common microchamber was the 
highest (Figure 5). Probably, reactive oxygen species which were produced by the A549 cells have toxic effect also on nor-
mal cells cultured in the microchambers placed in closer distances. 
 

 
Figure 5. The number of the dead MRC-5 cells (normal) in the each microchambers 

 
CONCLUSION 

The obtained results confirmed that the microsystem can be a useful tool for cells migrations analysis and evaluation how 
the presence of another cell type have influence on cells viability after PDT procedures. The microsystem can be applied for 
cytotoxicity analysis of potential anticancer compounds. Our further studies will be focused on testing PDT procedures for 
different values of PDT parameters. Our results will be useful for further biological and medical researches. Application of 
microsystem can be helpful during optimization of clinical PDT parameters (i.e. the dose of irradiation, time of exposition, 
concentration of photosensitizers). 
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ABSTRACT 

A liquid chromatography using 100-nm scale (extended-nano) channels was developed for single cell analysis.  
Our method, extended-nano chromatography makes possible an ultrasmall sample (100 aL-1 fL) injection and high 
efficient separation (~105-106 plates/m) using nanofluidic channel as separation column.  In particular, hydrophilic 
interaction (HILIC) and reversed-phase chromatography was developed for separation of biomolecules including 
proteins in a single cell.  In addition, an influence of a specific liquid property in extended-nano space was 
investigated for higher separation efficiency. 
 
KEYWORDS 
Nanofluidics, Chromatography 

 
INTRODUCTION 

Single cell analysis is a useful tool to reveal heterogeneity of cells such as stem cell differentiation and cancer 
metastasis [1].  Recently, some proteomics and metabolomics research are performed at single cell level using 
nanoliter liquid chromatography (nanoLC) or capillary electrophoresis (CE) combined with mass spectroscopy (MS) 
[2].  Nevertheless, quantitative analysis of biomolecules in a single cell is still difficult, mainly due to a large 
analysis volume and connection with MS.  On the other hand, we have discovered specific properties of water 
confined in an extended-nano (10-1000 nm) fluidic channel [3] and proposed its analytical applications including 
chromatography.  To date, the extended-nano chromatography realized separation of a smaller volume sample (180 
aL) than a single cell (pL) [4], as well as a higher separation efficiency than that of conventional packed columns [5].  
However, separation using aqueous mobile phase have not been implemented, which makes application to biological 
samples difficult.  In addition, aqueous mobile phase indicates the specific liquid properties in extended-nano 
channel, which may have an influence on separation performance.  In this paper, hydrophilic interaction (HILIC) 
and reversed-phase chromatography were firstly performed using extended-nano channel toward biomolecule 
separation.  The separation performance was also investigated from a point of view of a specific liquid property in 
extended-nano space. 

 
THEORY 

Separation efficiency of chromatography is evaluated using plate height H which is expressed as, 
 𝐻 = 𝜎2 𝐿⁄  (1) 
where 𝜎 is the variance of the peak width and L is the length of the separation column.  Here, a sharp peak gives a 
small 𝜎 and H, which means a smaller plate height gives higher separation efficiency.  According to the theory, the 
plate height is expressed using flow velocity u as following. 
 𝐻 = 𝐴 + 𝐵 𝑢⁄ + 𝐶 ∙ 𝑢 (2) 
Here, the A term represents the eddy diffusion in a packed column which is caused by random pathways of sample 
molecules.  The B term represents the dispersion in column length direction.  The C term represents the dispersion 
in radial direction.  In case of nanochannel, the A term is eliminated because the pathway is uniform by removing 
packing particles.  Then, the equation can be written as, 
 

𝐻 =
2𝐷𝑚
𝑢

+
𝑓0
105

𝑑2

𝐷𝑚
𝑢 (3) 

where 𝐷𝑚 is the diffusion constant, f0 is the width-to-depth ratio and d is the depth of the nanochannel.  Therefore, 
the use of nanochannel also reduces the C term significantly, which results in high separation efficiency overcoming 
the limitation of conventional packed columns. 
 
EXPERIMENT 

Nanochannels were fabricated by electron beam lithography and reactive ion etching on a fused silica substrate.  
The substrate was bonded with a top substrate by fusion bonding at 1080°C, which was followed by surface 
treatments.  In this paper, the silica surface was washed by 1% NaOH, 1% HCl and deionized water for HILIC 
mode or modified with trimethylsilylimidazole in the form of gas for reversed-phase mode as stationary phases.  
For mobile phase, water and acetonitrile (ACN) were used. 

All chromatography experiments were performed using the silica chips, a pressure-driven nanofluidic control 
system [4] and fluorescent microscope.  Figure 1 shows schematics and fluorescent images of an injection 
procedure.  All the nanochannels were 910 nm wide, 220 nm deep, and 1.2 mm long.  The injection was 
performed by switching pressures in 200 ms, which enabled highly reproducible injection of 100 aL-1 fL volume.   
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Figure 1. (a) Schematics and (b) fluorescent images of nanochannels before and after injection. 

 

RESULTS AND DISCUSSION 

Figure 2a shows a chromatogram of two fluorescent dyes separated by HILIC mode.  As the samples had 

different emission wavelengths, the fluorescence was detected separately in four serial runs.  The results were 

reproducible and well accorded with conventional HPLC’s results, which verified the separation in HILIC mode.  

Next, separation efficiency was evaluated using the plate height as shown in figure 2b.  The minimum plate height 

reached 2.9 m (corresponding to 440,000 plates/m) which was one order of magnitude lower than that of 

conventional packed columns.  Furthermore, in case of low water composition, the experimental the plate heights 

were lower than a theoretical curve which was derived from equation 3.  This result suggests the unusual properties 

of liquid confined in extended-nano space had an influence on the separation efficiency. 

 

 
Figure 2. (a) Chromatogram of fluorescein (Flu) and sulforhodamine B (SRB) for HILIC mode (b) fluorescent 

images of nanochannels before and after injection. 

 

In order to investigate this influence, diffusion coefficient under flow was measured for different compositions of 

mobile phase.  From the theory of diffusion, the peak variance 𝜎 is associated with effective diffusion coefficient 

Deff and elapsed time t as following. 

 𝜎2 = 2𝐷𝑒𝑓𝑓𝑡 (4) 

At the same time, the peak variance 𝜎 is associated with the flow rate u using equation 1 and 3 as following. 

 
𝜎2 = (

2𝐷𝑚
𝑢

+
𝑓0
105

𝑑2

𝐷𝑚
𝑢) 𝐿 (5) 

Finally, equation 4 and 5 are correlated as following. 

 
𝜎2 = 2(𝐷𝑚 +

𝑓0
210

𝑑2

𝐷𝑚
𝑢2) 𝑡 (6) 

 
𝐷𝑒𝑓𝑓 = 𝐷𝑚 +

𝑓0
210

𝑑2

𝐷𝑚
𝑢2 (7) 

Figure 3a shows the ratio of Deff and Dm under flow plotted against mobile phase composition.  From equation 7, 

the ratio Deff/Dm should have a value larger 1 theoretically.  However, the ratio was less than 1 only in low water 

composition, which means the Deff is significantly decreased.   

 

 
Figure 3. (a) Ratio of diffusion constant in flow (Deff) and without flow (Dm) plotted against mobile phase 

composition. (b) Mobile phase partition and suggested flow rate distribution in nanochannel.  
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This result is discussed further in figure 3b.  In the conventional theory of HILIC chromatography, water is 

partitioned on the stationary phase surface in low water composition, while acetonitrile is on the surface in high 

water composition [6].  On the other hand, we have found an increase of water viscosity in extended-nano space, 

probably due to structuring from the nanochannel surface [3].  Therefore, the higher viscosity of loosely structured 

water might result in a deformation of flow rate distribution in nanochannel.  This is the first example to suggest the 

liquid property in extended-nano space can improve analytical performance. 

Figure 4a shows a chromatogram of the two fluorescent dyes separated by reversed-phase mode.  The result was 

also reproducible and well accorded with conventional HPLC’s result, which verified the separation in 

reversed-phase mode.  The minimum plate height was 1.1 m (corresponding to 910,000 plates/m) which means 20 

times improvement of separation efficiency compared to packed columns. 

Furthermore, separation of proteins was attempted using reversed-phase mode (figure 4bc).  As a result, 

reproducible peaks of two fluorescently-labeled proteins were observed in different mobile phase compositions.  

Although gradient elution system is required further to separate these proteins, extended-nano chromatography was 

verified to be available for separation of proteins.  The numbers of injected protein molecules were calculated from 

concentration (1×10
-5

 M) and injection volume (5 fL).  The number was ~10
4
 for extended nano chromatography 

and ~10
6
 for commercial micro HPLC.  Thus, extended-nano chromatography realized 6 orders miniaturization and 

could be a prospective method for separation analysis of proteins in a single cell. 

 

 
Figure 4. Chromatograms for reversed-phase mode. (a) fluorescein (Flu) and sulforhodamine B (SRB). (b) and (c) 

fluorescently-labeled proteins. 

 

CONCLUSION 

In this paper, HILIC and reversed-phase mode separation were firstly performed using extended-nano channel.  

In HILIC mode, a possibility of higher separation efficiency due to a specific property of liquid in extended-nano 

space was suggested.  Using HILIC mode, separation of small hydrophilic molecules such as sugar and amino acids 

was made possible.  In reversed-phase mode, a possibility of protein separation was verified.  Because an injection 

volume of extended-nano chromatography (~100 aL-1 fL) is much lower than single cells (~pL), separation of 

proteins in a single cell (~10 molecules) is highly expected by an improvement of the detection system (single 

molecule level). 
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ABSTRACT 

The fraction collection of DNA fragments for studying gene expression, suffered from technical difficulties, 
including those related to the accurate capture of fast moving targets and pure collection under conditions of 
insufficient separation. 

We introduces a new concept of simultaneous space sampling for capturing targets in complicated situation, like 
overlapping fragments. Ten parallel extraction channels which covered 1.5 mm long sampling ranges were used to 
facilitate the capturing of fast moving fragments. Furthermore, the space-sampling extraction made it possible to 
acquire pure collection, even from partly overlapping fragments that had been insufficiently separated after a short 
electrophoretic run. Three fragments differed in size by one base bases, were simultaneously collected within 10 
min. 

 
KEYWORDS 
space sampling , Fractionation, Microfluidics, Reconstruction.  

 
INTRODUCTION 

Microchip is selected as an ideal tool for fraction collection, because of flexible 2D or 3D structure, real time 
observation, less contamination, fast analysis time and automation. The primary issues now such as, high efficiency, 
capturing of fast moving components, and cross contamination between neighboring components need to be solved.  

Here we introduce a novel electrophoretic chip device for fractionation of desired DNA fragments. Collection 
methods utilizing a lab-on-a-chip can be categorized into one of the following four classes: (i) a main separation 
channel combined with a perpendicular extraction channel for single target collection [1]; (ii) more transfer channels 
connected to the single perpendicular extraction channel for multiple target collections [2]; (iii) isolated extraction 
channels connected to the main separation channel to perform multiple collections for reducing cross-contamination 
between collections [3]; and (iv) a novel matrix composed of small-diameter posts, with the distance between the 
posts providing continuous-flow fraction collection for large DNA fragments simultaneously at different locations, 
thus saving time and increasing recovery [4]. However, it was difficult for all these methods to isolate the DNA 
fragment from the others that differed in size by one base with few minutes. Our method based on a signal 
processing theorem that allows simultaneous space sampling succeeded this high-fidelity fractionation within 10 
min. 

We proposed a new concept of simultaneous space sampling for capturing targets in complicated situation, like 
overlapped fragments or fragments with fast mobility. The focused laser spot was located at the intersection of 
Channel 10 and the main separation channel. When the selected target fragments passed the detection point, the 
extraction was performed. All separation electrodes were isolated from the electric field, bias potential is applied to 
Channel 10 to extract the selected fragments, all ten extraction channels are applied with the same potential for 
simultaneous sampling of the targets. The recovery samples were PCR-amplified, then were size-checked. The 
reconstruction of the PCR amplified recovery can be acquired, which shows the distribution of each isolated band. 

In contrast to the previous single extraction collection or sequential multiple collection techniques, our method 
provide the capacity for high-resolution collection at insufficient separation lengths with higher efficiency. 

 
EXPERIMENT 

The microfluidic structure (Fig. 1) was fabricated on a 4-inch diameter quartz wafer using standard 
photolithography and wet-etching techniques [2]. The chip consisted of 24 3-mm-diameter reservoirs, a typical 
injector unit, a 70-mm-long straight separation channel, and ten parallel channels for the extraction and retrieval of 
the target. The channels were 60 m wide and 25 m deep. The interval between parallel channels was 100 m. In 
this fractionation study, extraction sampling was performed simultaneously using ten parallel channels with identical 
spacing when the desired fragment arrived at the sampling zone. According to Nyquist–Shannon sampling theorem, 
we introduced the simultaneous space sampling method (Fig. 2). Sampling rate = 1/ S, where S is the spacing 
between two neighboring extraction channels. Sampling rate is based on the spacing, the spacing between our two 
channels is 160um, so the sampling rate is about 6.25/mm, it means that a 1-mm-wide Gaussian peak at baseline will 
be isolated into 6 slices. There are 10 isolated channels in our structure. So, a peak with a width of less 1.6 mm can 
be reconstructed by our sampling structure. It offers several advantages over previous methods, which include, a 
wide sampling range, or cover distance, in separation direction from the first channel to the final channel (i.e., a 
500-m-wide peak at the velocity of 150 m/s needs more than 10 s to pass through this 1.5-mm-wide window; 
hence, a small shift in the time of capture will not lose the peak) and the capacity for pure collection (i.e., 
overlapping peaks can be sliced into many pieces, and the pure fraction of the target can be distinguished from these 
recoveries because of different distributions of components in the overlapping parts, which simplifies the collection 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1165



of the peaks that are not separated sufficiently). Fragments of 180, 181 and 182 bases, were simultaneously collected, 

and then the recovered DNA was PCR-amplified and assessed by capillary electrophoresis (CE) analysis (Fig. 3). 

The 181-base target was shown to be isolated in a 70-mm-long separation length within 10 min, in contrast to 

the >50 min required for the 300-mm-long separation channel in our precious work [5].  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 1. 3D schematic drawing of a 4-inch -diameter microfluidic device 
 

 

 
 

Figure 2. Illustration of simultaneous space- sampling 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. CE analysis of the PCR-amplified on-chip fractionated samples (a); separation of the samples before 

fractionation in the chip (b) and in the 36cm long capillary (c). Numbers 1 to 10 denote the channel number of the 

comb structure. The target fragment is 181 b. 
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This method provides the capacity for high-resolution collection at insufficient separation lengths. Furthermore, 

it provides a roadmap for the reconstruction of the separation to explore the separation mechanism (Fig. 4). This 

reconstruction shows the distribution of each isolated band. This is very meaningful to understand the overlapping in 

insufficient separation. The fractionation-integrated electrophoretic microfluidic device will also provide an 

important reference and could become a new and powerful analytical tool for bioanalysis and related applications. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 4. A reconstruction of the fragment distribution of 180, 181 and 182-b fragments after a 70-mm 
separation according to the data in Fig. 3. 
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ON-CHIP NANOFILTERS FOR BIOLOGICAL SAMPLE PRE-TREATMENT 
FOR ELECTROPHORETIC ANALYSIS OF SMALL MOLECULES IN 

WHOLE BLOOD  
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ABSTRACT 
    We present a new method for on-chip sample pretreatment based on size and charge exclusion in nanochannels 
formed by simple electric breakdown of poly(dimethylsiloxane) (PDMS). In contrast to previously published methods, 
control over pore size was achieved by setting a current limit during the breakdown step, allowing selective transport 
through the nanopores of different size molecules. Finally, we demonstrate the application of this method for the direct 
analysis of quinine in whole blood samples at clinically relevant concentrations. 
 
KEYWORDS 
Nanochannels, sample pre-treatment, blood, pharmaceuticals.  

 
INTRODUCTION 

Unless an enzyme specific immunoassay is utilized, direct measurement of pharmaceuticals in whole blood requires 
sample pretreatment to remove blood cells, plasma proteins, and endogenous macromolecules. On-chip sample 
pretreatment include solid-phase extraction, cross flow filtration, and ultrafiltration. Filtration through nanochannels 
under an applied electric field offers greater selectivity than the other techniques [1]. The downside of nanofabrication is 
the high cost of fabrication, which limits its applicability in disposable devices. Nanochannels can also be formed by 
PDMS electric breakdown [2]. This technique was used to concentrate proteins on one side of the membrane, and can 
thus be useful for sample treatment if the transport of smaller molecules can be maintained. However, care must be taken 
as the movement of smaller ions can be restricted through ion permselectivity [3].  

 
The nanochannels formed by PDMS breakdown are usually irregular in shape and have varying diameter along their 

length. While fabrication of straight nanochannels with defined diameter is required for certain applications, this is not 
necessary for the purpose of our work. Permeability of the nanochannels for a certain molecule is determined by its size 
and charge relative to that of the nanochannel. Hence, the smallest diameter along the channel length is the critical factor 
irrespective of the channel length or shape. Control over the average pore size can be achieved by changing the applied 
electric field strength or the time of the voltage application. The main drawback of these approaches is the poor 
reproducibility between devices due to the inherent inhomogeneity of PDMS. 

 
Here we applied much lower electric field using low ionic strength electrolyte and set a current limit to control pore 

size. Once the specified current is achieved, the voltage is restricted to prevent further electric breakdown of PDMS. This 
approach is based on the fact that no current can be measured before nanochannel formation and the current increases 
with the number and diameter of nanochannels formed during the breakdown. 

 
EXPERIMENT 

The microfluidic device is shown in Figure 1. It consists of a PDMS layer that contains the microchannels and is 
irreversibly bound to a flat glass slide to form the enclosed structure. The V-shaped sample compartment has its tip 
separated by 100 m-thick PDMS membrane which will act as nanofilter after the electric breakdown. 

 
 

(a) 

 

(b) 
 

 
 

Figure 1. Microfluidic device. (a) Schematic diagram of the microchip design (not to scale). Sample (S), sample waste 
(SW), buffer (B), and buffer waste (BW). (b) Profilometer image of the PerMX template used for rapid prototyping. 
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Another design with wider PDMS filter and U-shaped sample compartment (not shown here) was tested in an attempt 
to enhance extraction rate by increasing the surface area available for formation of nanochannels. However, we found 
that as soon as one point starts to break in the PDMS, the current flow is focused through this point making it less likely 
to have other breakdown points. Based on this, experiments were continued with the design presented in Figure 1. Also, 
the length of PDMS gap across which the breakdown is performed was chosen to be 100 m instead of the reported 20 

m [4] or 40 m [5] to allow higher voltages to be used during extraction for long time without the risk of secondary 
breakdowns. 

 
When reversibly bound devices were used, the breakdown happened between the PDMS and glass and the pore size 

continued to increase during the subsequent runs. This change in pore size means that increasing amounts of the plasma 
proteins will continue to leek into the separation channel compromising the separation efficiency. Using irreversibly 
bound devices solved this problem. PDMS and glass layers were exposed to air plasma for 15 s using a handheld corona 
discharge device. The treated surfaces are then brought into conformal contact and left to bind overnight at 60oC. It is 
important to keep the binding process consistent in order to obtain reproducible results. 

 
To form the nanochannels, an electric field of 2200 V (22 V/μm) was applied across the PDMS gap. This voltage is 

slightly above the dielectric strength of PDMS (21 V/μm). Reported electric fields were 25 V/μm [5] to 40 V/μm which 
is almost double the dielectric strength of PDMS [6]. Factors that affect pore size by PDMS breakdown include ionic 
strength of the electrolyte, applied voltage, and time of application. Different experimental conditions were studied for 
their effect on PDMS permeability as in Table 1. The key point to control nanochannel pore size is to set a current limit to 
adjust the applied voltage. A LabView program was used to control the power supply. Once a pre-set current threshold is 
reached, applied voltage is restricted to prevent further breakdown. 

 
Two ionic strengths were tested: 1 and 10 mM disodium hydrogen phosphate solution, pH 9. Different current limits 

were set from 1 to 10 μA. The permeability of the formed nanochannels was tested using inorganic cations and anions, 
small molecular weight organic acids (negatively charged), slightly larger basic dyes (positively charged), bovine serum 
albumin (BSA) labeled with fluorescamine, and blood cells. When the current limit was set to 1 μA, the same results 
were obtained at both ionic strengths, with both inorganic cations and anions passing freely through the formed 
nanochannels as indicated by formation of red complex on both sides as shown in Figure 2. Small molecular weight 
organic acids, namely puruvate, lactate, and 3-hydroxy butyrate, were also able to pass. However, negatively charged 
fluorescent dyes like fluorescein and 5(6)-carboxy naphthofluorescein were blocked, as the passage of co-ions was not 
favored through the negatively charged nanochannels even with prolonged injection times. 

 
 

   

 

 

 

 

 

 
0 seconds 3 seconds 5 seconds 10 seconds 

 
Figure 2. Screen shots showing the bidirectional transport of both inorganic anions and cations through 

nanochannels visualized by the formation of red coloured iron (III)-thiocyanate complex at different times after 
voltage application. 

 
Accordingly, we increased the current limit to 3 μA while still using 1 mM electrolyte solution. Figure 3 shows that 

while the membrane can still hinder the passage of labeled BSA, the negatively charged dye 5(6)-carboxynaphtho 
fluorescein passed through the nanochannels. Next, permeability was tested with positively charged molecules. As the 
nanochannels favor the passage of counter-ions, positively charged rhodamine 6G passed freely. Although exact 
estimation of pore size is not feasible, according to the results obtained we expect them to be only few nanometers in 
diameter. The mechanism involves charge and size exclusion. Additionally, the balance between electrophoretic mobility 
and the EOF play an important role in membrane permeability for a specific analyte. 

 
Through our experiments, we noticed that using current limits up to 3 μA during breakdown hindered the movement 

of BSA as long as the electrolyte concentration is 1 mM. Using 10 mM electrolyte solution resulted in larger pores even 
at low current limit. The same was observed when using 1 mM electrolyte concentration at high current limit (5 μA). An 
extreme case is setting high current limit (10 μA) and using 10 mM electrolyte solution. The resulted channels allowed 
the passage of red blood cells which suggests channels that are few μm in diameter. 
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The applicability for using the nanochannels to create a sample-in/answer-out analytical device for pharmaceuticals 
was demonstrated with the isolation and separation of the antimalarial drug quinine sulfate from whole blood without any 
other sample processing (figure 4) with the entire process requiring less than 190 s. The method consists of extraction 
step through electrokinetic injection for 100 s followed by ITP step in peak mode for 90 s. We use the same ITP system 
reported by Mikus et al. [7] with leading electrolyte of 10 mM sodium acetate, 20 mM acetic acid, 1 mM NaH2PO4, and 
0.1% HPMC (pH 4.34) and terminating electrolyte of 10 mM β-alanine and 10 mM acetic acid (pH 4.20). Linear range is 
from 0.5 to 25 g/ml with regression coefficient (R2) of 0.999. This covers the clinically useful range (3 – 10 g/ml). 
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Figure 4. Method application for quinine determination. (a) Isotachopherogram for blood sample spiked with 2.5 g/ml 

quinine sulfate. (b) Calibration curve from spiked blood samples covering the range 0.5 – 25 g/ml. 
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Table 1. Permeability of nanochannels produced 
with different breakdown conditions 

Nanochannels 
Permeable to… 

Breakdown Conditions 
current limit 

(( A) 
ionic strength 

(mM) 
Organic acids 
(<150 g/mol) 1 1 

10 

Basic compounds 
(<1000 g/mol.) 

2 1 

3 1 

Labeled BSA 
2 10 
5 1 

Blood cells 10 10 

 

 
Figure 3. Screen shot showing (on right hand side) the 

extraction of the red coloured 5(6)-carboxynaphtho 
fluorescein from a mixture of labeled BSA and free dye 

(on the left hand side). 
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DEVELOPMENT OF A HIGHLY-RELIABLE METAL  
MICROCHANNEL PLATE  

APPICABLE TO SEPARATION COLUMN OF GAS CHROMATOGRAPHY  
Masaki Kanai, Masanori Nishino, Satoshi Matsuoka, Takahiro Nishimoto and Masahito Ueda 

Shimadzu Corporation, Japan 

ABSTRACT 
We report a microchannel plate made of stainless-steel, which is applicable to separation column of gas 

chromatography(GC). To realize robust connection between the microchannel and outer tubing, we developed two 
types of interface structure. In both structure, high-temperature resistance of 400oC and high-pressure tightness of 
1MPa were confirmed. Using a fabricated column plate, gas chromatography analysis was demonstrated, and 
theoretical plates of 57,000 is obtained.  

KEYWORDS 
gas chromatography, column, interface, stainless steel 

INTRODUCTION 
In the late 1970s, the earliest work of a silicon microfabricated GC column was reported by Stanford University 

group[1], and recently several research groups are developing miniature GC systems[2–4]. The MEMS technology is 
desirable for GC development, which allows downsizing of GC whole systems, reducing thermal mass of a heating 
unit, integration of detectors, and other benefits. Our group also has developed a miniature GC systems using a 
silicon microfabricated column[5]. However, we come up against critical issues for practical uses of the silicon 
microfabricated column. One of the issues is fragility of the silicon column and the other is connection between the 
column and outer tubing. In particular, the tubing connection of GC column is difficult problem, which requires 
high-pressure tightness of 1MPa, high-temperature resistance of 400oC, its thermal-cycle resistance, and small 
dead-volume in the interface. In the previous researches, to make small dead-volume connection, connection tubing 
or tube fitting connector was bonded with the microfabricated column by glue. However these connections could not 
meet the demand of temperature resistant and tightness. 

In this paper, we report the improvements to eliminate the issues as mentioned above. To improve structure 
robustness of the microfabricated column, we developed a GC column on a metal microchannel plate. On the other 
hands, to realize highly-reliable connection between the column plate and outer tubing, we propose two types of 
interface structure. 

METAL MICROCHANNEL PLATE 
Figure 1 shows structure of the developed column plate made of stainless-steel 316L. The microchannel of 

200m wide, 100m deep and 14m long is arranged in a 100mm squared plate. The microchannel was defined by 
photolithography and formed by chemical etching on the mirror polished stainless-steel plate. The cover plate and 
the channel plate were bonded by diffusion bonding. A cross-sectional observation of Fig.1(c) confirms that metal 
grain grew beyond the boundary of the both plate by diffusion bonding, which proves robust bonding. 

Fig.1 Microchannel structure of the GC column plate        Fig.2 Interfacing with stainless steel capillary 
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OUTER TUBING CONNECTION 
In addition to the requirements for connection of GC column as mentioned above, it is desirable that the interface 

structure have insignificant influence on temperature uniformity of the column plate. Therefore, the interface 
structure is preferable to be isolated thermally from the column plate. In order to ensure the demand, we developed 
two types of interface structure. In the case of Fig.2, the column plate is coupled with a stainless capillary directly. A 
nickel plated capillary is inserted into drilled hole in the side of the column plate. By heat treatment under vacuum, 
brazing bonding between the column plate and the capillary was achieved. Fig.2(c) shows a cross-sectional 
micrograph of the connection, which confirmed that fine bonding and extremely small dead-volume in the 
connection were obtained. 

Figure 3 shows the other structure using metal gasket sealing. Gas-tight sealing is obtained in the protruded 
portion of the column plate using the metal gasket and the retainer nut. Through the retainer nut, the microchannel 
can connect to a capillary using the SiltiteTM ferrule(SGE Analytical Science Ltd). Using test pieces of the proposed 
interface, gas tightness was investigated in thermal cycle between 50oC and 400oC, as shown in Fig.4. The result 
shows that mass flow indicated zero except temperature varying period, in which thermal expansion and shrinkage 
of helium gas occurred in the microchannel. After the thermal cycle test, no leakage from the interface was detected 
by a leak detector with pressurized helium gas of 1MPa. From these results, it is confirmed that reliable gas-tight 
connection under GC operating temperature range was obtained. In addition, we investigated the sample peak 
deformation due to dead-volume in the connection. In case that dead-volume exists in the connection, gas flow 
eddies in the dead volume, and consequently, the sample peak shape deforms (i.e. peak tailing). To evaluate the peak 
shape deformation, a microchannel plate was connected by the proposed interface with precolumn. The sample 
peaks of gaussian profile established in the precolumn pass through the interfaces and the microchannel, and then the 
sample peaks are detected by GC-detector. Figure 5 shows comparison of the sample peak shape between the cases 
of with and without the test interface pieces. The result shows that no deformation of the peak shape symmetry was 
observed at the exit of the test piece. 
 

 
Fig.3 The interfacing using metal gasket sealing          Fig.4 Leak test result in thermal cycle 

 

 
 

Fig.5 Evaluation results of peak shape deformation due to dead volume 
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EVALUATION FOR GC SEPARATION COLUMN 

In order to evaluate the microchannel plate as a separation column of GC, surface treatment of inner surface was 
achieved. Figure 6 shows surface treatment step of the column plate. To avoid sample adsorption by metal oxide 
sites, the metal surface is covered by glass passivation layer. To form the passivation layer, polysilazane was coated 
and was cross-linked on the channel surface. Subsequently silanol groups on the surface of the passivation layer 
were terminated by silylating reagent. Finally, static phase layer such as poly-methylsilicone having some functional 
groups was formed by static-coating method[5]. In Fig.7, we evaluated peak shape deformation due to sample 
adsorption on the microchannel surface. While sample peak shape deformed severely due to adsorption in the 
untreated column plate, no peak shape deformation is confirmed in the deactivated column plate. Finally, we show 
an example of chromatogram obtained by a fabricated column plate. In this chromatogram, theoretical plates are 
calculated to be 57,000. 
 
CONCLUSION 

In this paper, we reported a highly reliable metal microchannel plate and its outer tubing connection applicable to 
a separation column of GC. For the connection between the microchannel plate and outer tubing, the structure of 
direct capillary bonding and the interface using metal gasket sealing were proposed. In the structure of direct 
capillary bonding, robust connection was obtained by nickel brazing, which has extremely small dead-volume. In the 
interface using metal gasket sealing, gas-tightness in thermal cycle and insignificant influence for sample peak shape 
were confirmed. Using the fabricated microchannel plate and the interfaces, inner surface treatment was achieved 
and basic performance was evaluated as separation column of GC. From the results, good performance of 57,000 
theoretical plates was obtained. 
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ABSTRACT 
Herein, we demonstrated a simple, rapid and automated RNA purification system based on a centrifugal force 

using three passive capillary valves and a silica sol-gel matrix. We designed three reservoirs (sample, washing 
solution, elution buffer) which were connected with different dimensional microfluidic channels. By controlling 
RPM, we could dispense the RNA sample, washing solution, and elution buffer successively, so that the RNA was 
captured in the sol-gel solid phase, purified, and eluted. This novel rotary sample preparation system eliminates any 
complicated hardware and human intervention, and performs the RNA preparation with high speed and portability. 
 
KEYWORDS 
Nucleic acid purification, RPM control, Centrifugal force 
 
INTRODUCTION

Nucleic acid purification is an essential step for many biological diagnostics. In particular, the on-site virus 
detection system requires the extraction of RNA/DNA from biological samples with ease and high rapidity. However, 
the conventional nucleic acid extraction method such as phenol extraction or ethanol precipitation is highly labor 
intensive and time-consuming due to numerous manual steps [1], and it is not adequate for the portable sample 
preparation. To address this issue, several microfluidic systems for the purification of nucleic acid were reported 
[2-3], but these microfluidic systems need the necessity of mechanical external syringe pumps to allow flow control 
and complex tube lines to connect the microfluidic system with syringe pumps, which is the bottleneck to realize an 
integrated micro-total-analysis-system. Therefore, more simple and automated microfluidic platform without 
external pumps is necessary. To this end, we have developed a centrifugal force based microdevice to easily purify 
the RNA with ease. 

 
THEORY  

To perform the automated RNA purification using the proposed microdevice, a driving force, namely a centrifugal 
force in our case, is required to overcome the capillary pressure derived from the hydrophobic surface and the 
narrow microchannel dimension. Since we designed the channel widths differently (120 μm for CS, 40 μm for CW, 
20 μm for CE in Fig. 1), there should be a unique critical burst RPM value for each microchannel to induce the flow 
of liquid in the reservoirs. 

To predict the critical burst RPM, we adopted a simple model by balancing the pressure induced by a centrifugal 
force with the pressure induced by a capillary force that is given by the Young–Laplace equation . 
 

∆ 	2γcos  (1) 
 

where	  is the liquid density, ∆  is the length of liquid plug,  is the mean radial position of the liquid plug, γ is 
the liquid surface tension,  is the contact angle, d is the depth of the channel, and w is the width of the channel.  
 
EXPERIMENT 

The RNA purification microdevice consists of three layers as shown in Fig. 1. The middle PDMS layer patterned 
with microfluidic channels were fabricated by soft lithography. After punching the reservoirs, it was thermally 
bonded with the cover glass at the bottom. Then, a PDMS membrane was assembled on the PDMS layer. The 
dimensions of each microfluidic channel connected to three reservoirs were 120x50 μm (sample), 40x50 μm 
(washing solution), and 20x50 μm (elution buffer), respectively. The sol–gel matrix was synthesized as follows [4]. 2 
mL tetramethyl orthosilicate (TMOS) was added to a solution of 0.44 g polyethylene glycol (PEG) in 10 mL of 
0.01M acetic acid, and the mixture was stirred with a magnetic bar at 300 RPM in the ice bath for 45 min. Prior to 
introducing a hydrolyzed sol solution into the sol–gel chamber, the microdevice was exposed to UV ozone to form a 
hydroxyl functional group on the PDMS surface that enhances gelation reaction. 0.8 μL of the sol solution was 
injected into the sol–gel chamber via an injection hole using a pipette, and then the microdevice was incubated in a 
square dish at 40 °C for 12 h. The same procedure for sol–gel preparation was repeated twice to increase the packing 
of the sol–gel matrix in the microchamber.  

For on-chip RNA purification, 5 μL of a sample solution containing a synthetic RNA or biological samples 
(off-chip purified H1N1 viral RNA or a real H1N1 virus lysate sample), 5 μL of the washing solution, and 5 μL of 
the elution buffer were loaded in the sample reservoir, washing reservoir, and elution reservoir, respectively (Fig. 1). 
The microdevice was fixed on the rotary system, and the centrifugal force-driven RNA extraction process was 
executed. The rotation procedure was as follows: loading the sample solution at 1600 RPM for 15 s, incubating the 
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RNA sample in the sol–gel chamber at +960~960 RPM for 2 min, loading the washing solution at 2000 RPM for 45 
s, removing the waste at the RO, loading the elution buffer at 2500 RPM for 2 min, and finally recovering 5 μL of the 
purified RNA in the RO. 2 μL of the eluted solution was used for quantification by a Nanodrop spectrophotometer 
(ND-1000, Wilmington, DE) to determine the RNA capture yield in the sol–gel chamber, and 2 μL of RNA solution 
was employed for RT-PCR 

 
 

Figure 1: Schematic image of the sample pretreatment microdevice. (RS : sample reservoir, RW: washing solution 
reservoir, RE : elution buffer reservoir, RO : outlet reservoir, CS:120μm width channel ,CW: 40μm width channel, CE: 
20μm width channel) 
 
RESULT AND DISCUSSION 

To demonstrate the effectiveness of sequential flow of liquids by controlling RPM, 5 μL of aqueous dye solutions 
were loaded in the RW (red), RS (blue), RE (yellow), respectively. Experimentally, we gradually increased the RPM to 
determine the critical RPM values for loading the sample, washing solution, and elution buffer. The theoretical 
versus experimental critical burst rotational speed was plotted in Fig. 2. The experimental burst RPM was matched 
with the theoretical one with the standard deviation of 12.7% for the sample loading, 6.8% for the washing solution 
loading and 7% for the elution buffer loading.  

Then we examined the RNA capture efficiency in our microdevice using the FITC-labeled synthetic RNA. Fig. 3 
shows the fluorescence image of the sol–gel after the FITC-labeled synthetic RNA loading and washing step. The 
uniform fluorescence signal implies that the successful homogenous synthesis of sol–gel matrix and the efficient 
RNA capture in the solid matrix. The fluorescence intensity of Fig. 3 (left) was 1303, while that of Fig. 3 (right) was 
197, indicating that ~84% of the fluorescence signal was reduced after the elution. This value is comparable with the 
RNA capture yield of ~80% measured by Nanodrop spectrophotometer.. 

 

    
 
Figure 2. Theoretical versus experimental critical 
rotational speed. RPM control subsequently eluted (A) 
the blue solution at 1600 rpm for15s in RS, (B) the red 
solution at 2000 rpm for 60s in RW, and (C) the yellow 
solution at 2500 rpm for 120s in RE.

Figure 3. The fluorescence images of the sol-gel chamber 
before (left) and after (right) elution step, Quantitative 
analysis of the fluorescence intensity showing the capture 
yield of ~80%  
 

, 
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Next, we employed the off-chip based purified influenza H1N1 RNA in order to mimic the real RNA sample 
purification and to confirm that the recovered RNA can be used as a template for gene expression in the RT-PCR. 
Fig. 4 shows that H1 gene (102 bp) and M gene (160 bp) were successfully amplified from the H1N1 RNA template 
in all cases. Even 0.0625 ng/μL concentration produced clearly two bands in the agarose gel electrophoresis. 

Finally, we carried out the RNA purification by directly using the virus lysate to demonstrate the capability of our 
microdevice for the RNA extraction from a real sample. As shown in Fig. 5, the product bands of both the H1 and 
M gene were successfully obtained, and the signal from the off-chip purified RNA (1 lane in Fig. 5) was comparable 
to that obtained from the on-chip purified RNA (2 lane in Fig. 5). 

 
Figure 4. Automatic extraction of the purified H1N1 viral RNA. The serially diluted RNA sample was extracted and 
amplified using RT-PCR. (1: 1ng/μL, 2: 0.5ng/μL, 3: 0.25ng/μL, 4: 0.125ng/μL, 5: 0.0625ng/μL) 

 
Figure 5. RNA extraction using real H1N1 virus sample and the RT-PCR results (1: Off-chip purified H1N1 RNA 
RT-PCR products, 2: On-chip purified H1N1 RNA RT-PCR products, NC: negative control) 
 
CONCLUSION 

In this study, we have demonstrated a highly simple, rapid and automatic RNA purification microsystem by using 
a rotary platform and a sol–gel incorporated microdevice. Simple RPM control could elute selectively the designated 
solution depending on the channel dimension. The entire process of RNA purification could be executed in 5 min 
with ~80% capture yield. Further integration of a DNA/RNA sample pretreatment unit into the PCR amplification 
microdevice is under way on the rotary platform to realize a ‘sample-in-answer-out’ genetic analysis microsystem. 
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THE EFFECT OF MATRIX ORDER IN DNA CAPILLARY ZONE 
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Wenmin Ye, D. Jed Harrison 
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ABSTRACT

The effect of order in separation media on DNA capillary zone electrophoresis is studied experimentally. A 
microfluidic technique based on colloidal self-assembly is employed to generate structures with different degrees of 
order. A model, SEM, and thermoporosimetry of the structures are employed to characterize media properties. The 
DNA mobility and dispersion coefficient is quantified in each structure through fluorescent detection. The result 
shows that higher ordered structures are favored because of greater mobility and less dispersion. This shows DNA 
separation can be improved further by introducing ordered materials in dense porous matrix. 
 
KEYWORDS
DNA electrophoresis, order, silica particle, self-assembly 

 
INTRODUCTION 

We have developed colloidal self-assembly of crystalline arrays of nanoparticles within microfluidic channels as 
a powerful tool to fabricate nanoporous media, both highly ordered [1], and with systemically controlled degrees of 
disorder [2]. Separation media with different degrees of disorder are easily fabricated by doping one particle size 
with another using colloidal self-assembly (CSA). This approach allows study of the effect of order and disorder in 
nanoporous media on DNA separation. Two-dimensional asymmetric pulsed field electrophoresis (APE) of DNA 
molecules within ordered and disordered arrays has shown a non-monotonic dependence of the resolution on the 
media order, with an optimum for short-range ordered structures. [2]  

Theory is contradictory regarding the influence of order in DNA electrophoresis, but agrees that the effect of 
order depends crucially on the separation mechanism. However, due to the difficulty in fabrication of structures with 
different degrees of order, there is a lack of experimental data to test models. With the advantages of CSA structures, 
this experimental study explores the effect of order in one-dimensional DNA capillary zone electrophoresis (CZE) 
systematically, lying in the Ogston regime instead of the reptation regime employed by APE. The degree of order is 
quantified as well as pore size distribution, and the two major indicators, electrophoretic mobility and dispersion 
coefficient, are investigated to identify the effect of matrix order. 

 
EXPERIMENT 

 
Figure 1. a)&b) A schematic view of DNA CZE microchip, channels are filled with self-assembled nanoparticle 
arrays. c) SEM images of monodisperse or binary packed CSA. Scale bars represent 1 μm. 

DNA CZE was conducted in PDMS chips fabricated using a standard soft lithography technique, with a double T 
injector (Figure 1a,b). Aqueous suspensions of silica colloids (Bangs Laboratories, Fishers, IN) of 540, 690, and 900 
nm diameter were used to form the self-assembled nanoparticle array inside the microchips. Monodisperse 
suspensions gave highly ordered separation media with polycrystalline, hexagonal close-packed structures. Binary 
mixtures of 540 and 900 nm particles yielded structures with degrees of disorder controlled by the mixing ratio notes 
as the volume fraction of 900 nm particles 900 in total particle volume. Level of order was quantified by an 
orientational order parameter () calculated from SEM images (Figure 1c). Pore size distribution of structures was 
examined through a theoretical model, [3] and by thermoporosimetry of water’s freezing point depression [4] using a 
differential scanning calorimeter (Q1000, TA Instruments), with a ramping rate of 0.05 °C/min.  

A low DNA mass ladder (Invitrogen, Life Technologies) and 4 kbp and 10 kbp DNA (Fermentas, Thermo Fisher 
Scientific) were stained by YOYO-1 (Molecular Probes) with a dye-to-base ratio of 1:10. The fluorescence image 
shown in Figure 1a represents the junction of the injection channel and separation channel. Electric potentials were 
applied using platinum electrodes, generating an effective field of 18.6 V/cm in all experiments. DNA samples were 
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excited by a 488-nm argon ion laser beam, and the fluorescent emission was collected by a sensitive CCD camera 

(Astrovid) associated with a lab-built epifluorescence microscope composed of a 550DRLP dichroic mirror, 515 nm 

long-pass filter, and a 40x planachromat objective (0.6 N.A., LDN, Carl Zeiss). A 4x objective (0.1 N.A., Olympus) 

was used for imaging under low-magnification. Videos were captured by VirtualDub (1.9.11, Avery Lee) and 

analyzed by ImageJ (1.44p, NIH, USA).  

 

RESULTS AND DISCUSSION 

The variation of ψ was calculated with respect to χ900 of the binary packing (black squares in Figure 2a) forms a 

U shape, with a maximum disorder in structure near χ900=0.5. In monodisperse packing (red circles in Figure 2a) the 

degree of order is relatively high, even though particle size variations and defects prevent achieving value of 1. The 

change of ψ with χ900 shows different degrees of disorder can be introduced and controlled systemically, where ψ 

provides a descriptive parameter of matrix order. The model developed by Dodds [3] was used to calculate the pore 

size, and the resulting average pore size is plotted against χ900 for the 540/900 nm in Figure 2a, increasing 

monotonically with the volume fraction of the larger particle, giving a(DM). The average pore radius a(DSC) and 

peak radius R(peak) of the pore size distribution measured by DSC are shown in Figure 2b&c, both increasing with 

a(DM). The standard deviation, kurtosis, and skewness of the logarithm distribution are all linearly correlated with 

a(DM). (Data not shown) All the descriptive parameters shown have a monotonic correlation with the modeled 

factor, a(DM), making it valid and expedient to regard Dodds’ average pore size, as representative of this group of 

media properties regarding pore size distribution. 

 

Figure 2. a) Average pore size a(DM) and orientational order parameter ψ calculated for each structure, and 

correlation between the b) average pore size a(DSC) and c) peak radius R(peak) measured by DSC with a(DM). 

Another important factor of separation media is porosity. In Figure 3a, Dodds’ model of porosity follows a 

slightly concave trend similar to the literature, but all data are consistently smaller than 0.26—the porosity of fcc or 

hcp close packing of uniform particles, because the model considers only the smallest pores, neglecting octahedral 

voids, for example. The porosity from the DSC measurement, however, is always larger than 0.3, indicating the 

presence of defects and perhaps a systemic error from expansion on freezing. While on different levels, both of the 

two traces of porosity are almost flat. This relative uniformity means that the binary mixing will affect the average 

porosity far less than it affects the degree of order. 

The fraction of accessible volume f for DNA is plotted against a(DM) in Figure 3b. The f value from DSC is 

much larger than the one modeled for every DNA size, given the same reasons discussed before. All fractions are 

 

Figure 3. a) Porosity from DSC ε (DSC) and Dodd’s model, ε(DM), red circles represent the monodisperse structures, 

the dashed line is the ideal porosity of fcc or hcp packing. b) Accessible volume fraction f from DSC (dots) and 

Dodds’ model (lines), with different color for each DNA size.  
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smaller than about 0.2 in general, which means the packing, is much denser than in gels. The fraction for 4000 and 

10000 bp is always zero. The accessible fraction increases for smaller DNA size and larger pore size, and is above 

zero up to 2000 bp of DNA size, the upper bound of the Ogston regime. 

With DNA size, average pore size and matrix order as major variables, observed DNA mobility μ and dispersion 

coefficient DE were analyzed by multivariable regression (Table 1). Data correspond to 4000 and 10000 bp DNA is 

not included, since the molecule it too large to in the Ogston regime. 100 bp data are also excluded because free 

solution mobility becomes size dependent for molecules below 200 bp. Both of the regressions are efficient and 

statistically significant at the 95% confidence level. The fitted free-solution mobility μ0=(1.35±0.12)×10-4 is 

comparable with literature.[5]  

It is found that DNA size and average pore size of the media are the dominant variables, together attributing to 

89.9% of the total variance of the mobility and 88.9% of the dispersion coefficient. The fraction of contributions 

from matrix order ψ to mobility and dispersion are 5.3% and 5.8% respectively, indicating the influential power of 

order. The positive coefficient shows mobility is higher when the structure is more ordered, in accord with Slater’s 

simulation. [6] There is a decrease of dispersion as order (ψ) increases, since the slope is significantly negative. 

Table 1. The regression model and results of mobility and dispersion coefficient. 

041 loglog
3

2

  k
a

N
k

k

k

 4321log kkNkakDE    

k1=(1.74±0.58)×102 F=61.28>F (95%)=2.28 k1=0.01414±0.00039
 F=585.18>F(95%)=2.28 

k2=0.274±0.019 R2=0.982 k2=-(1.719±0.086)×10-4 R2=0.931 

k3=1.70±0.12 R2(N,a)=0.899 k3=-0.225±0.026 R2(N,a)=0.889 

k4=0.267±0.012 R2(ψ)=0.053 k4=-8.068±0.039 R2(ψ)=0.058 

 

CONCLUSIONS 

Our results demonstrate that, in addition to the well-known role of average pore size and molecular size as major 

determinants, the degree of order is also a considerable factor in DNA CZE in dense media. The electrophoretic 

mobility increases, while the dispersion coefficient decreases as the level of order goes up, holding other factors 

constant. Hence, in our study, coherent, ordered structures give more efficient DNA separation than random porous 

media, which agrees with our APE results.[2] Our observation is consistent with Slater’s simulation in the Ogston 

regime showing the ordered structure has greater mobility,[6] and also support Locke’s standpoint that the dispersion 

coefficient in porous media depends on the obstacle arrangement.[7] Our results contrast with the simulation of Patel 

and Shaqfeh [8] suggesting disorder was better for separation than order in sparse media. Since the effect of order is 

proved experimentally, this encouraging signal opens the door to improve electrophoresis under Ogston sieving 

mechanism further through tuning the media architecture towards greater levels of order in a dense porous matrix. 
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MAGNETICALLY-ACTUATED BLOOD FILTER UNIT 
ATTACHABLE TO BIOCHIPS 

Kwang Hyo Chung1, Yo Han Choi1 
1Electronics and Telecommunications Research Institute, Republic of Korea 

 
ABSTRACT 
    A novel blood filter unit for the separation of blood plasma from whole blood by simple magnetic actuation is 
presented. A non-diluted blood sample is introduced into the filter unit and, only blood plasma is squeezed out by 
magnetic attraction force, while blood particles are filtered by membranes stacked in the filter unit. The new filter 
unit is very simple, but yields good filtering performance with nearly perfect filtering efficiency (~99.999%), high 
plasma recovery (~30%), low blood consumption (<50 ml), and fast operation (~1 minute). Also, the filter unit can 
be mass-produced for disposable use, and can be attached to any kind of biochips. Because the present filter unit is 
simple, fast, convenient, low-cost, compatible, and highly efficient, it has commercial potential for various 
lab-on-a-chips for blood tests.  
 
KEYWORDS 
Blood filter, plasma separation, magnetic actuation.  

 
INTRODUCTION 

The removal of cellular components is regarded as a requisite pretreatment step for most clinical blood tests for 
the high-sensitive and reproducible results. Because filteration at macroscale (e.g., centrifuge) is slow and laborious, 
many research groups have developed microfluidic blood filters utilizing a lot of principles. The blood cells were 
filtered or displaced by fine structures [1], packed beads [2], obstacles [3], electrical fields [4], acoustic waves [5], 
light sources [6], gravitational or centrifugal accelerations [7], and various hydrodynamic phenomena [8] (e.g., the 
plasma skimming effect, Fahraeus effect, pinched flow fractionation effect, Zweifach-Fung effect, dean flow, etc.).  

However, these filter devices usually possess some drawbacks (e.g., clogging, complexity in fabrication and 
operation, slow speed, low plasma recovery, expensive materials, large sample volume, and complex 
instrumentation) and can be utilized under limited conditions (e.g., dilution ratio, flow rate, etc.). Our goal in this 
study is to develop a simple and versatile filter overcoming these limitations with the aid of magnetism. Here, we 
propose an innovative design and filtering principle to achieve the aforementioned requirements.  

 
 

   
Figure 1. A schematic diagram of the blood filter. A: plastic container; B: permanent magnet; C: filter 

membrane; D: double-sided tape; E: biochip; F: external control magnet.  
 
 

EXPERIMENTAL 
Schematic diagram of the filter device is shown in Figure 1. For a filter unit, one permanent magnet and a few 

membranes are stacked in a plastic container. Double-sided tape is attached to the bottom of the unit in order to be 
attached to premade biochips. The outlet of the filter unit is aligned with the inlet of a biochip to create a path 
through which plasma from the filter unit flows into a biochip. A movable external control magnet is placed below a 
biochip in order to attract the permanent magnet in the filter unit and squeeze the layered membranes.   

The blood filters of some different size and a microfluidic chip to measure the volume of extracted plasma are 
fabricated and an experimental setup was prepared to test its performance (Figure 2).  

One magnet (diameters of 3, 4, & 5 mm, length of 3 mm, Nd-Fe-B) and a few punched membranes of the same 
diameter were inserted into a cylindrical container (fabricated by machining an acrylic plate) with a little larger inner 
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diameter. The double-sided tape was punched to make disk-shaped outlines and an inner hole. 
Some parameters for performance tests are defined as: Tw, waiting time between the sample introduction and the 

application of the external magnet; Nm, number of membranes inside the filter unit; VWB, volume of whole blood; f, 
diameter of the membranes. For relative comparisons, a reference condition was fixed at Tw = 60 s, Nm = 5, VWB = 
50 ml, and f = 4 mm. We measured the volume of extracted plasma, Vp, and calculated the plasma recovery yield, Rp 
(%, ratio of the extracted plasma volume to total plasma volume in the whole blood sample). The hematocrit of the 
blood sample was 45.5%.  

 
 

      
Figure 2. (a) View of the fabricated filter units of different sizes, (b) experimental setup 

 
 

 
 

 
 
 

 
 
RESULTS AND DUSCUSSION 

Experimental results on sequential plasma extraction are shown in Figure 3. A drop (50 ml) of whole blood was 
pipetted into the inlet of the filter unit. We waited 1 minute for the sample to pass through the gap between the 
magnet and the container and to smear into the membranes. Blood particles including red blood cells were mostly 
accumulated at the upper side of the membrane, and the plasma component gathered near the bottom. Then, 
magnetic force was applied to the filter unit by moving the external magnet close to the unit, and the plasma 
component near the bottom membrane layer started to be squeezed through the outlet of the filter unit and move to 
the microchannel of the microfluidic test chip. During the squeezing step, the blood particles remained caught by the 
layered membranes. The separated plasma contains very few blood particles which is counted using a 
hemocytometer (filtering efficiency ~ 99.999%, see Figure 4).  

Figure 5 shows the variation of Vp and Rp with the change of Nm and VWB as the examples of performance test. 
After a series of performance tests with the filter in the study, the optimized condition was found as: waiting time Tw 
~ 1 minute, the number of membrane Nm ~ 8, the volume of the blood sample ~ 50 ml, the diameter of the blood 
filter ~ 4 mm. For this condition, the filtering performance assumed as: the volume of extracted plasma ~ 8 ml, the 
plasma recovery yield ~ 30 %.  

 
Compared with other microfluidic filter devices, the present filter has some commercially potentials.  
1. The blood sample does not require dilution. Direct use of whole blood is not only helpful for the sensitivity 

of diagnosis, but it also simplifies the diagnostic process.  

Figure 3. Sequential photos showing the extraction of 
blood plasma from whole blood. (a) Dropping a blood 
sample, (b) wetting the membrane, (c) plasma flow into 
a microchannel by magnetic actuation, (d) collected 
plasma at the end of the microchannel. 

Figure 4. Blood cell count using homocytometer for (a) 
a thousand-fold diluted blood and (b) plasma obtained 
from the new filter device 

(a) (b) 
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2. The filter unit can be applied to various biochips regardless of their materials and geometries. Namely, 
premade biochips, which are not equipped with blood filters, readily accommodate the blood filtering step 
with this attachable filter unit.  

3. The fabrication and operation of the filter unit are very simple. The unit can be mass produced in a 
disposable format without difficult fabrication steps and using inexpensive materials. The magnetic 
operation is readily built into a small instrument.  

4. Vertical layering of multiple membranes in the filter unit enhances filtering speed because the total length of 
the flow path is reduced while the cross-sectional area of the membrane in the flow direction is greatly 
increased in comparison to the lateral membrane in commercialized strip-type kits.  

5. Active squeezing by magnetic actuation greatly reduces sample volume because it minimizes the residual 
plasma absorbed in the membranes. 

6. The filter blood particle removal efficiency is as high as 99.999%, regardless of hematocrit and dilution of 
the blood sample.  
 

   
(a)                                            (b) 

Figure 5. Blood plasma recovery depending on (a) number of membrane and (b) volume of the blood sample. 
 
 

CONCLUSION 
The filter is very simple, but provides high filtering performance (e.g., fast operation, low blood consumption, 

nearly perfect filteration, etc.) and some potentials for commercialization (e.g., non-dilution, compatibility to other 
biochips, simple operation, low cost, etc.). Optimization in the geometrical and operational conditions would further 
enhance efficiency and volume requirements. Various biomaterials, chemicals, etc., may be applied to the 
membranes to perform pre-reactions before primary reactions in biochips. 
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ABSTRACT 
    We present a compact and lightweight liquid chromatography system. This system consists of a 
battery-powered electroosmotic flow pump, a 20-nL injector, a microchip contains a reversed phase packed column 
and an electrochemical detector, and a handheld potentiostat powered by a universal serial bus (USB) connected to a 
laptop computer. The system has overall dimensions of approximately 26 cm wide × 18 cm deep × 21 cm high and 
its weight is 2 kg. With the present system, various electroactive compounds, such as catecholamine, were 
successfully separated.  
 
KEYWORDS 
Electroosmotic pump, chromatography, packed column, separation, electrochemical detection, digitate electrode. 

 
INTRODUCTION 

High performance liquid chromatography (HPLC) plays crucial role in many scientific researches and 
industries because it is versatile and reliable separation technique. Ultrafast separation with high efficiency is a 
recent trend in HPLC, however, compactness and portability of HPLC has been potential and latent demands of 
researchers. The conventional HPLC is usually set up at a specific place in laboratories because of bulky and 
complicated instrumentation. The miniaturization of HPLC system allows to use readily at any place in laboratories 
as well as the field. This feature is essential for environmental analysis and point-of-care diagnosis in order to avoid 
sample decomposition during transportation, and to reduce the time and the cost of analysis. The miniaturized 
system also offers many applications with small sample, low consumption of solvents and power, reduced amount of 
waste. The further application is parallel analysis with multiple instruments in the same space as the footprint of 
conventional system. However, few portable, compact and lightweight chromatographs are commercially available 
although microchip-based chromatography and related technologies are vigorously presented as several reviews 
have been reported [1, 2]. Microfluidic and related technologies can realize a fully miniaturized system for liquid 
chromatography. Recently, we fabricated a microfluidic chip for reversed phase liquid chromatography [3]. One of 
the authors (I.Y.), on the other hand, produced a small ideally pulse-free pumping system based on electroosmotic 
flow (EOF) generated in porous silica using low applied voltages (< 100 V). In this study, the electroosmotic pump 
was designed to drive mobile phases Also, a microchip integrates a column and electrochemical detector with higher 
performances was developed. Then we here present a portable liquid chromatography system. 

 
EXPERIMENTAL 
Chip fabrication.  A polystyrene (PS) plate (1.7mm thick, Tamiya, Japan) was used as a microchip substrate. The 
hole served as a column tube 0.8 mm in diameter was drilled on the side of the PS substrate to a length of 30 mm 
using a drill bit and then an exit hole (200 m) was drilled on the surface of the substrate toward the end of the 
column. The substrate and holes were rinsed with methanol and water and then dried using air gun. Next, detection 
electrodes were fabricated on the surface of the substrate using Au deposition, standard lithography, and wet 
chemical etching. For the preparation of a column, a small amount of glass wool was placed at the end of the hole as 
a frit. Dry C18 silica particles were stored in a 200 L plastic pipette tip as a reservoir, which was inserted into the 
top end of the column hole. To introduce the particles into the column, the suction was applied from the access hole 
by using a water aspirator until the height of the packed bed reached ∼ 30 mm. After the reservoir was removed, the 
top end of the bed was smoothed with a flat side of the drill bit. Then, a PEEK tubing (1/32 inch O.D., 63.5 m I.D., 
30 mm in length) was inserted into the top end of the column by 5 mm and fixed with an epoxy glue. The leakage of 
the particles thorough the PEEK tubing was not observed without a top frit. The PDMS chip containing a channel 
was reversibly sealed onto the substrate so that the channel covered the access hole and electrodes. 
System construction.  An electroosmotic pumping system was built at Nano fusion Technologies (Japan). An 
injector with sample volume of 10 or 20 nL was purchased from Chemco Scientific (Japan). A potentiostat 
ALS1232A was received from BAS (Japan). These apparatus were mounted onto an acrylic base, as shown in Figure 
1a. The pumping system and the potentiostat were connected to a laptop computer through USB connection, each of 
which was controlled respectively with a dedicated software. 
 
RESULTS AND DISCUSSION 

Figure 1a shows a portable liquid chromatography system developed in this study. This system contains all 
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requirements for liquid chromatography, including pump, sample injector, column, and detector. The dimensions are 
26 cm wide, 18 cm deep, and 21 cm high and the total weight of the entire system is approximately 2 kg. The 
pumping system can run using dry batteries and the potentiostat can be driven through USB cable. These features 
display higher portability of the current liquid chromatography system.  

The pumping system contains twin cylindrical modules to generate electroosmotic flow, allowing gradient 
elution and solvent switching. The module was 40 mm diameter and 68 mm high. In general, electroosmotic pumps 
have a common disadvantage of bubble formation resulted from electrolysis of water. Bubbles can seriously damage 
column and detector performance. Therefore, the pump module was designed as shown in Fig. 1b. The individual 
module has vertically two compartments filled with DI water and a mobile phase, respectively, between which 
compartments a porous silica rod (3 mm diameter, 4 mm high) pinched with two platinum wire electrodes was 
placed. The mobile phase is separated from DI water with a silicone rubber diaphragm. The chamber volume of 
mobile phase is ~8 mL. The voltages of 0 – 60 V were applied to the porous silica using a booster circuit, resulting in 
an electroosmotic flow of water in the pores. The water stream generated presses the diaphragm, which discharges 
the mobile phase toward a column at flow rate ranging from 0 to 10 µL/min. The flow rate was controlled with PID 
algorithm and flow sensors. The pumping system can be driven with AC adaptor or DC dry battery (12 V). The 
advantage of the current pumping system is low power consumption over the other electroosmotic pumps require 
several thousand volts. This pumping system produced a pulse-free continuous flow with ±1.8% at a flow rate of 5 
µL/min over at least 5000 s. It also continuously transferred a 100% methanol over 24 hours at a flow rate of 5 
µL/min with dry batteries. The pumping system performed up to ~1 MPa.  

Figure 2 shows a microchip for chromatographic separation and detection. The chip configuration minimizes 
dead volumes between column and detector (Figs. 2b and 2c). The microchip device was fabricated using a 
polystyrene substrate which offers ease of fabrication, a cheap device, and chemical resistance to organic solvents 
typically used for mobile phase, such as methanol and acetonitrile. For the preparation of a column on a chip, a 
packing method was studied because a high pressure used in the common slurry method may damage the polymeric 
substrate. In this study, a dry technique was developed under experimental section. The column was created by 
packing 3-µm C18 particles into a drilled hole (0.8 mm diameter and 30 mm long). With this column, the pressure 
drop was tested by using an conventional HPLC pump with pressure monitoring. When 100% methanol was pumped 

 

 
Figure 1: a) Photograph of a portable liquid chromatography system and b) schematic diagram of an electroosmotic 
pump module. 
 

 
Figure 2: a) Photograph and b) schematic diagram of a microchip with a packed column and an electrochemical 
detector. c) microphotograph of the end of the column and working electrode 
. 
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at a flow rate of 4 µL/min, the pressure was 0.3 MPa. This packing method provided higher packing density and thus 

column efficiency, compared with the column on a chip that we previously reported [3]. 

For more highly sensitive detection on a chip, a single digitate working electrode was designed as shown in 

Figure 2c. In separate experiments using a continuous flow FIA mode without the column, microelectrode width, gap, 

and number of microelectrode were optimized. Then, when a single digitate working electrode with 24 

microelectrode 50 µm in width and 200 µm gap, we obtained the detection limit of nM level for catechin. The 

detection limit was superior to those of previously presented microfluidic separation devices with electrochemical 

detector [4].  

Figure 4 shows chromatographic separations of catecholamine and catechin using the current chromatography 

system powered by dry batteries. This demonstrates that the present system was successfully applied to the 

separation of electroactive compounds. The use of higher flow rate shortened the analysis time nearly keeping 

separation efficiency.  

 

a) b)

 
Figure 3: Chromatograms of catecholamine and catechin obtained with the present liquid chromatography system. 

Peaks: a) 1 noradrenaline, 2 adrenaline, 3 dopamine; b) 1 (+)-Catechin, 2 epicatechin, 3 epigallocatechin gallate, 4 

epicatechin gallate. Chromatographic conditions: a) A: 50 mM phosphate， 50 mM citrate， 100 mg/L 

octanesulphonate，40 mg/L EDTA-2Na（pH 3.0） B: methanol;  A : B = 95 : 5 (v/v) ; flow rate: 5 µL/min; 

Detection: +0.6 V vs. Au. b) Mobile phase: Water-methanol-0.5 M phosphate（7 : 2 : 1 v/v/v）; flow rate: 5 µL/min, 

Detection: +0.6 V vs. Au. 

 

CONCLUSIONS 

We have presented a portable device for reversed phase liquid chromatography. The electroosomotic pumping 

system was driven by dry batteries with high precision for many hours. This chromatography system provided good 

chromatographic separation and detection performance for electroactive compounds. This portable chromatography 

system will allow on-site analysis as well as new applications take advantage of compactness.  
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ABSTRACT 

We revealed that the nanopillar parallel-array structure has two modes for DNA separation; DNA trapping and 
torque-assisted escape mode.  Single DNA molecule observation revealed that the separation of DNA molecules 
could be achieved by two modes in the wide range of DNA molecules; 166 kbp to 100 bp. 
 
 
KEYWORDS 
DNA separation, DNA trapping, Torque-assisted escape 

 
 

INTRODUCTION 
Recent developments of nanofabrication techniques have been able to construct various nanometer-sized 

structures.  These highly ordered nanostructures have been used to experimentally elucidate DNA dynamics in 
confined spaces.  On the other hand, for the practical use of these nanofabricated structures as an alternative to 
conventional separation matrices such as gels or polymers, nanopillar arrays [1], nanowall arrays [2], nanofilter 
arrays [3], nanofence arrays [4], nanochannels [5], and nanoparticles [6] have been developed.  The separation 
processes using these nanofabricated structures were less time-intensive and fewer manual operations comparing 
with other conventional methods, however, these separations were all fundamentally based on single separation 
mode.  In this paper, we demonstrated that the nanopillar parallel-array structure could realize DNA separation in 
torque-assisted escape and DNA trapping mode. 

 
 

THEORY 
Recently, Laachi et al. has pointed out non-equilibrium DNA transport from a viewpoint of theoretical and 

computer simulation, i.e., torque-assisted escape [7].  In all chromatographic separations, it is commonly believed 
that there is an intrinsic trade-off between the throughput and the resolution.  If we move the system away from 
equilibrium to increase the throughput, it reduces the resolution.  However, non-equilibrium DNA transport could 
achieve a good balance between the throughput and the resolution.  For an estimation of quantitatively 
non-equilibrium DNA transport, the rotational Péclet number was proposed.  The rotational Péclet number Per is 
expressed as follows 
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At the above equation, ! is the depth ratio, kBT is Boltzmann factor, q is the effective charge per unit length, Eav is 
an average electric field, and L is DNA contour length.  

 
 

EXPERIMENTAL 
Nanopillar parallel-array structures were fabricated on a quartz substrate using the same procedures as described 

elsewhere [1,2].  A Pt/Cr layer about 20 nm in thickness was sputter-coated on a 0.5 mm fused silica substrate.  
Upon this layer, a positive electron beam (EB) resist was spin-coated, and then, a pattern of nanopillar structures was 
delineated by EB lithography.  Ni was electroplated into the hole of the pattern in the EB resist to provide strong 
resistance in the following etching process.  After the EB resist removal, photoresist was spin-coated and a 
microchannel pattern was transferred by photolithography.  The substrate was etched by neutral loop discharge 
(NLD) plasma using CF4.  Inside 25 !m wide microchannel, a 500 nm wide and 4 mm high nanopillar was 
fabricated.  After removal of the remaining metal and resist layers on the quartz substrate, both of the substrate and 
a 130 !m fused silica cover plate were dipped into H2SiF6 and bonded under pressure of 5 MPa at 65 C for 12 h. 
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RESULTS AND DISCUSSION 
Figure 1 shows the overview of the nanopillar parallel-array structure.  We fabricated the nanopillar 

parallel-array structure with various spacings.  There were two separation modes in the nanopillar parallel-array 
structure; DNA trapping at the entrance of the nanopillar structure (red-dotted box) and torque-assisted escape mode 
inside it (blue-dotted box). 

In DNA trapping mode, the large size DNA, which gyration radius is greater than nanopillar spacing, was 
trapped at the entrance of the nanopillar structure, and therefore DNA separation was achieved by the difference of 
the trapping time associated with DNA length, resulting in short length DNA (still its gyration radius is larger than 
the nanopillar spacing) migrated faster.  In the torque-assisted escape mode [1], the small size DNA, which 
gyration radius is smaller than nanopillar spacing (rod-like shape), was affected by the external electric field gradient, 
and longer rod-like DNA molecules (still its gyration radius smaller than the nanopillar spacing) migrated faster than 
smaller ones due to thermal diffusion.  By combining DNA trapping with torque-assisted escape, DNA molecules 
ranging from 166 kbp to 600 bp were separated; DNA molecules, which have larger gyration radius than the 
nanopillar spacing, trapped and separated in DNA trapping mode, and then, untrapped DNA molecules were 
separated in torque-assisted escape. 

We measured the trapping time of 20, 48.5 and 166 kbp DNA molecules at the entrance of the nanopillar 
structure, and time-traced trajectories of 600 bp DNA inside it by observing single DNA molecule.  The trapping 
and the tracking behaviors were summarized in Figures 1(b) and 1(c), respectively.  The most trapped time of each 
size DNA was 0.3, 3, over 1.2 s for 20, 48.5, and 166 kbp DNA, respectively.  The straightforward and 
random-walked trajectories of DNA molecules were shown at 70 and 20 V/cm, respectively. 

 
 

 
Figure 1.  Overview of the nanopillar parallel-array structure with two modes for DNA separation.  (a) 
Schematics of the nanopillar parallel-array structure.  Inside the red and blue dotted-box, we showed two 
separation modes; DNA trapping at the entrance of the nanopillar structure and torque-assisted escape inside the 
nanopillar structure, respectively.  (b) DNA trapping mode; trapping time at the entrance of the nanopillar 
structure depended on the DNA size.  (c) Torque-assisted escape mode; the images showed sequences of single 
DNA fluorescence image with 1 s time interval. 
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We could separate DNA molecules based on those two separation modes, as shown in Figure 2.  In DNA 
trapping mode, the separation of 166 and 48.5 kbp DNA by the difference of trapping time were achieved (Figures 
2(a)).  In torque-assisted escape mode, 300 and 100 bp DNA molecules could be separated at 2450 V/cm (Figure 
2(b)).  By using two separation modes, it is anticipated that the separation of wide range of DNA molecules will be 
achieved by controlling the two modes. 

 
 

 
Figure 2.  Electrophoretograms of DNA separation in DNA trapping mode, (a), and torque-assisted escape mode, 
(b).  The applied electric fields were (a) 5 V/cm for 72 s, (b) 2450 V/cm. 

 
 

CONCLUSIONS 
In summary, we demonstrated that the nanopillar parallel-array structure has two modes for DNA separation; 

DNA trapping and torque-assisted escape mode.  Single DNA molecule observation revealed that the separation of 
DNA molecules could be achieved by two modes in the wide range of DNA molecules; 166 kbp to 100 bp.  The 
nanopillar parallel-array structure will offer a significant contribution to progress in the separation of wide-range size 
DNA molecules, and moves researchers towards the further integration with other nanostructures, such as nanopore 
DNA sequencing. 
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YIELD IMPROVEMENT BY AN EFFECTIVE MICROREACTOR  
FOR PHOTOREACTIONS USING A BLACK ALUMINUM OXIDE  

CHANNEL SUBSTRATE 
Yukako Asano1, Shigenori Togashi1 and Yoshishige Endo2 

1 Hitachi, Ltd., Japan, 2 Hitachi Plant Technologies, Ltd., Japan 
 
ABSTRACT 
 We developed an effective microreactor for photoreactions using a black aluminum oxide channel substrate with 
low reflectance and good heat conductance. The performance of this microreactor was verified by applying to a 
photoreaction of benzophenone. In the microreactor made of quartz glass, the channels got blocked at smaller flow 
rates, because of crystal precipitation by vaporization of liquid components. On the other hand, in the microreactor 
made of black aluminum oxide, the channels did not get blocked even at the same flow rates and the yield was 
improved by more than 30 %. 
 
KEYWORDS 
 Microreactor, Photoreaction, Black aluminum oxide, Benzophenone, Yield improvement 
 
INTRODUCTION 
 This paper reports yield improvement by an effective microreactor for photoreactions using a black aluminum 
oxide channel substrate with low reflectance and good heat conductance. We verified the performance of this 
microreactor by applying to a photoreaction of benzophenone in Figure 1. This reaction is known to need longer 
reaction time of more than 20 hours in the current batch method. 
 

O

+ CH3 CH3

OH

HO

OH
O

+ CH3 CH3

OH

HO

OH

 
Figure 1. Photoreaction of benzophenone 

 
 Photoreactions caused by photo energies make it possible to simplify current complicated chemical synthesis 
processes, and have attracted attention as environment-conscious reactions. It is known that photoreactions more 
effectively proceed with microreactor methods using micro channels on the micrometer order, by contrast to low 
efficiencies with current batch methods [1, 2]. Current microreactors for photoreactions that are made of quartz glass 
or Pyrex® cause heating of light source based on diffuse reflection to the bottom surface of channels and vaporization 
of liquid components because of low heat conductance. 
 
MICROREACTOR FOR PHOTOREACTIONS 
 We adopted transparent sapphire as a material for a top substrate and black aluminum oxide as that for a channel 
substrate based on the properties in Table 1. These materials have better heat conductance and black aluminum oxide 
has lower reflectance compared to quartz glass and Pyrex®. For comparison, microreactors made of quartz glass were 
also formed with the channel widths of 0.2 and 1 mm as shown in Table 2. Figures 2 and 3 show the exploded view and 
picture of the reactor 1. 
 

Table 1. Comparison of properties 

Material Light transmittance 
@365 nm (%) Reflectance (%) Heat conductance 

@293 K (W/(m·K)) 
Quartz glass > 90 -- 1.3

Pyrex® > 90 -- 1.1 
Transparent sapphire > 80 -- 41 

Black aluminum oxide -- 5.1-15.3 
(240-2600 nm) 31.2 

 
Table 2. Specifications of microreactors 

Material No. Top substrate Channel substrate 
Channel width  

(mm) 
Channel depth  

(mm) 
1 Transparent sapphire Black aluminum oxide 1 0.2 
2 Quartz glass Quartz glass 1 0.2 
3 Quartz glass Quartz glass 1 1 

 

hn = 366 nm 
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Figure 2. Exploded view of the reactor 1 

 

 
Figure 3. Picture of the reactor 1 

 
EXPERIMENTAL METHODS 
 Mixing solution with the concentration of 0.5 kmol/m3 was obtained by dissolving benzophenone in isopropanol 
[3]. Mixing solution was introduced into a microreactor for photoreactions exposed to ultraviolet source (hn = 365 nm) 
for the process of the reaction (Figure 4). Light irradiation time was controlled by flow rates and reaction temperature 
was set at room temperature (296 to 297 K). Products were analyzed by HPLC (High Performance Liquid 
Chromatography). Micro Process ServerTM produced by Hitachi Plant Technologies, Ltd. (Figure 5) was used as a 
microreactor system. 
 
 
 

 
 

Figure 4. Microreactor system in this study 
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Figure 5. Micro Process ServerTM 

 
RESULTS AND DISCUSSION 
 Figure 6 shows the yields in the photoreaction of benzophenone. The reaction more rapidly proceeded in the 
reactor 2 with shallower channels compared to the reactor 3. In the reactor 2, however, the channels got blocked at 
187.7 s, because of crystal precipitation by vaporization of liquid components. On the other hand, in the reactor 1, the 
channels did not get blocked at more than 187.7 s and the yield reached 36 % at 469.2 s. Furthermore, heating of light 
source was depressed using black aluminum oxide as shown in Table 3. Therefore, it was considered that a 
microreactor using a black aluminum oxide channel substrate was effective for yield improvement of photoreactions. 
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Figure 6. Yields in the photoreaction of benzophenone 
 

Table 3. Comparison of materials to Light source temperatures 
Channel substance Light source temperature (K) 

Black aluminum oxide About 303 
Quartz glass 313-323 
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AUTOMATIC ELISA ANALYTICAL SYSTEM FOR A TRACE AMOUNT 
OF ENVIRONMENTAL CHEMICALS USING A 3-DIMENSIONAL 

MICROREACTOR WITH A NOVEL ANTIGEN-BOUND MICROFILTER  
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ABSTRACT 
We developed an automatic analytical system for the determination of an endocrine disrupting chemical, 

nonylphenol (NP), which employs a competitive Enzyme-Linked ImmunoSorbent Assay (ELISA) using a novel 
antigen-bound microfilter. The filter was set in a unique 3-dimensional microreactor, and all the fluidic processes for 
the reaction and detection were automatically performed according to a PC program in the system. By using this 
system, we obtained a negative standard curve, of which NP concentration range (0.01-0.40 μg/L) was much lower 
than the quantitative limit (5 μg/L) of a conventional ELISA kit for NP measurement. The coefficients of the 
variation were comparable to those of commercial products.    

KEYWORDS 
ELISA, antigen-bound microfilter, microreactor, nonylphenol, automatic analytical system 

INTRODUCTION 
Since 1970s, Enzyme-Linked ImmunoSorbent Assay (ELISA) using specific reactions between antigen and 

antibody has been developed and used mainly in biomedical fields to detect peptides, hormones, antibodies, 
pathogenic microbes, and viruses owing to its convenience, specificity, and good sensitivity [1]. The assay generally 
uses 96-well microtiter plates, a plate washer, and a plate reader, and it takes 2 h or more to get results, although it is 
well automated. The plate reader and washer occupy a certain area (typically at least 1 m x 0.6 m) on the table and 
are equipped in specific analytical rooms in hospitals, institutes, universities, and analytical companies. Therefore, 
samples to be analyzed must be sent to such specific facilities, resulting in long-time waiting and high costs. 
However, recently, more rapid on-site analysis is required in various cases. For instance, in food markets, residual 
chemicals in food and pathogenic bacteria should be frequently checked on site and at real time for the safety and 
rapid sale of fresh food [2,3]. Thus, development of portable automatic analytical systems with high sensitivity is 
desired.  

In this study, we established an automatic ELISA analytical system for the determination of nonylphenol (NP), 
which is one of the representative endocrine disrupting chemicals and was selected as a model low molecular weight 
compound. Three novelties were integrated into this system: (i) a competitive ELISA using a newly designed and 
prepared antigen-bound microfilter, (ii) a unique 3-dimesional microreactor with two microfilters for reaction and 
mixing, and (iii) an automatic fluidic and detection system consisting of five pumps, an LED light source, a palm-top 
spectrophotometer, a micro-flowcell, and a lap-top PC. The use of the microreactor can reduce the volumes of 
reagents to be used due to its smaller size. In addition, the use of the microfilter can reduce the reaction times due to 
its high reaction efficiency based on the huge reaction area. The automatic system can prevent errors by manual 
handling and improve the data reliability.  

As the first step for the development of the future portable system, we here prove the principle of this 
competitive ELISA and the usefulness of this system for determination of a trace amount of low-molecular weight 
chemicals. 

EXPERIMENT 
For the antigen-bound microfilter, we newly developed a polymethylmethacrylate (PMMA)-based polymer, into 

which nonylphenyl group was incorporated at 5% in molar ratio instead of the methyl group of PMMA (Fig.1). The 
incorporation of the nonylphenyl group was confirmed by 1H-NMR analysis. The film of the polymer was prepared 
using a nanoimprint machine ST-50 (Toshiba Machine, Numazu) and a pair of Teflon plates (10 cm ) with a 
200-μm Teflon spacer. The microfilter (3mm  x 200μm) was prepared from the polymer film by synchrotron 
irradiation using New SUBARU BL-2 (Hyogo pref., Japan) as described previously [4] and had more than 2100 
40-μm bores in the 3-mm  area. It was set in a unique 3-dimensional microreactor (24 mm  x 26 mm), which had a 
3-mm  vertical path and therefore enables vertical fluidic operation (Fig.1). Another cross-linked capillary type filter 
[5] was also set in the reactor for mixing as shown in Fig.1.  

For the new competitive ELISA, samples including various concentrations of NP were mixed and reacted with 
anti-NP monoclonal antibody (AP-159, Japan EnviroChemicals, Osaka) conjugated with horseradish peroxidase 
(HRP) in small test tubes (Fig.2). The conjugate was prepared using an HRP labeling kit (Cosmo Bio, Tokyo) 
according to the instruction. Then, the mixture was introduced into the microfilter in the microreactor, where only 
antibody unsaturated with NP at its paratopes can bind to the nonylphenyl group exposed on the surface of the filter  
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bores (Fig.2). After washing the path and the filters with washing buffer (10 mM sodium phosphate buffer including 
0.05% (v/v) Tween20, pH7.0), a fluorescent substrate for HRP, 3-(4-hydroxyphenyl)propionic acid (HPPA), and 
H2O2 were introduced into the filter to develop fluorescence (420 nm) depending on the activity of the HRP trapped 
on the surface of the bores. When NP concentration in the sample is low, most antibodies remain unsaturated in the 
tube, giving high fluorescent count. In contrast, when the NP concentration is high, most antibodies react with NP in 
the tube and thus can’t be trapped with the nonylphenyl group on the surface of the filter bores (Ftg.2), resulting in 
low fluorescent count. Finally, this competitive ELISA gives a negative standard curve.  

The microreactor was set in an automatic fluidic and detection system consisting of 5 PC-controlled pumps 
(NE-1000 x 4, NE-9000 x 1, New Era, NY), a high power LED light source (325 nm) (LLS-325, Ocean Optics, FL), 
a micro-flowcell (FIA-SMA-FL, Ocean Optics), a palm-top spectrophotometer SEC2000-UV/VIS (BAS, Tokyo), 
and a lap-top Windows PC (Fig.3). The pumps work according to a program running on WIN PUMP TERM (New 
Era). The program for the fluidic operation was as follows: injection of 200 μl of the reaction mixture in 8 s 
(Pump2); kept for 25 min at the microfilter (for the reaction of the unsaturated antibodies with the nonylphenyl 
group exposed on the surface of filter bores); washing with 2.7 ml of the washing buffer in 24 s (Pump1); flushing 
the path and the filter with 150 ml of air in 30 s (Pump5); injection of 200 μl of fluorescent substrate solution (HPPA 
+ H2O2) in 8 s (Pump3); kept for 15 min at the microfilter (for the reaction of the HRP with the fluorescent 
substrate); injection of 2.7 ml of 0.1 M glycine-NaOH solution (pH10.3) (termination solution) in 48 s (Pump4); 

washing for the next analysis with 2.7 ml of the washing 
buffer in 48 s (Pump1). Total analytical time was about 50 
min. The reactor was kept at 37 °C in an incubator during 
this operation. 

At first, we prepared standard NP solutions (0.1-3.2 
μg/L) in 5% MeOH and mixed them (100 μl each) with the 
same volume of anti-NP antibody-HRP conjugate solution 
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(approx. 0.32 μg/mL). The mixture was kept for 1 h at 37 °C for antigen-antibody reaction. Then, using the mixtures, 
we measured their NP concentrations by manual handling (not using the automatic system). As a result, a good 
negative standard curve was obtained at the concentration range, giving 40% to 90% of the B/B0 values, where B is 
the fluorescent count at the concentration and B0 is the fluorescent count at 0 μg/L. This result indicates that this 
competitive ELISA can apply for the measurement of a trace amount of low molecular weight chemicals. However, 
the coefficients of the variation (CVs) were over 15% (15-40%) and its repeatability was also bad. Errors might be 
caused by the manual handling of small volumes and time lags during fluorescent measurements (in the manual 
handling, the effluent from the reactor was once sampled and its fluorescence was measured using a fluorescence 
spectrometer FP-6300 (JASCO, Tokyo)). 

To reduce such errors, we set the microreactor in the 
automatic fluidic and detection system and measured 
standard NP solutions again. However, in the first version 
of the automatic system using five NE-1000 syringe 
pumps, we frequently observed air bubbles in the vertical 
path during the operation and they affected the stopping 
positions of the solutions at the microfilter. Therefore, the 
CVs were very bad (18-49%). We found that the 
occurrence of the bubbles resulted from the wetness of the 
path surface. Thus, we replaced one NE-1000 pump for air 
flushing into a high flow rate peristaltic pump NE-9000, 
together with some other modifications. Finally, using the 
revised system, by 5 determinations each at 6 
concentration points, we obtained a negative standard 
curve between 0.01 μg/L and 0.40 μg/L (Fig.4). The CVs 
were significantly improved (9.1-12.4%), which were 
comparable to those of commercial products (<10%). 
Recent further improvement achieved approx. 5 % of the 
CVs (data not shown). In addition, this concentration 
range was 10 times lower than the quantitative limit of a 
conventional ELISA kit for NP measurement (5 μg/L, 
Japan EnviroChemicals) and below the predicted no effect concentration of NP for fish (0.608 μg/L) [6]. Since we 
have not optimized the analytical conditions yet, it is possible to make better standard curves and shorten the 
reaction times using this automatic ELISA analytical system. 
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Figure 4. Standard curve in the measurement of 
NP using the automatic ELISA analytical system. 
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DISRUPTION OF BACTERIAL SPORES BY SUPERHEATING 
- A METHOD FOR FAST DNA RELEASE 
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ABSTRACT 
Bacterial spores are forms of bacteria that are capable of surviving in harsh conditions. We have investigated thermal lysis 

of the spores and subsequently release of their DNA. We were able to heat water-based samples at ambient pressure to tem-
peratures far above 100 °C without boiling, known as superheating process. It resulted in the breaking of spores in a matter of 
seconds. Successful release of DNA from spores of the genus Bacillus was confirmed by real-time PCR (polymerase chain 
reaction). This process can be used for release DNA from Anthrax spores, allowing its presence to be detected.  

KEYWORDS 
thermal lysis, DNA extraction, real-time PCR, superheating, bacterial spores 

INTRODUCTION 
Polymerase chain reaction (PCR) is the state-of-the-art technique for identifying the presence of bacterial species via their 

corresponding DNA. Bacterial spores are evolved to withstand harsh conditions, and so breaking their shell to release and 
subsequently detect their DNA is a difficult task. Conventional methods to detect and identify microorganisms from spore 
samples are based on spore germination followed by cell lysis, which typically requires a few days.  

We have developed a microfluidic system utilizing the miniaturized virtual reaction chamber (VRC) [1]. Here, a droplet of 
aqueous sample was placed on a microscope coverslip and covered with mineral oil. This VRC was positioned above the mi-
cromachined heater with an integrated temperature sensor (Fig. 1). The VRC was separated from the heater by a coverslip.  

                
Figure 1: CAD drawing (left) and photograph (right) of a virtual reaction chamber (VRC). The aqueous droplet (blue) 
containing the sample is encapsulated in oil. The ring-shaped heater/sensor is positioned underneath the sample.  

THEORY 
Superheating is a well-known phenomenon, requiring three factors: absence of nucleation centers, absence of temperature 

gradient and no mechanical disturbances, such as shaking [2]. We have discovered that VRC system is well suited for super-
heating experiments [3]. The VRC does not contain nucleation centers as the coverslip features a scratch-free optical quality 
surface, and the oil-water interface naturally also does not contain nucleation centers. The temperature gradient is minimal 
due to the tiny sample volume of 0.2 µL.  

The release of DNA from spores can be accomplished by several methods such as germination and cell lysis, spore disrup-
tion by laser pulses, or the generation of shear forces by employing ultrasound or glass beads. However, in all cases it is diffi-
cult to find a balance between the disruption of spores and the recovery of intact DNA. Thermal lysis of spores could be an 
attractive method but it requires several hours at 100 °C to destroy the spores. DNA can also be damaged during that process. 
Currently the most reliable process is also the slowest: germination followed by cell lysis.  
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Here we have used the superheating system in order to release and subsequently detect DNA from bacterial spores by real-
time PCR. Spores of Bacillus (B.) subtilis were employed, as a non-pathogenic substitute of B. anthracis (Anthrax). 

 
EXPERIMENTAL 

A culture of B. subtilis cells was grown in liquid broth (LB) medium on a shaker at 150 rpm and 37 °C for 2 days. The 
culture was then plated on LB agar plates at 37 °C for 5 days for cells to sporulate (Fig. 2a). Spores were transferred from the 
plates and treated with 10 % hydrochloric acid (HCl) [4]. This treatment destroyed all remaining vegetative cells as well as 
free DNA to ensure that the B. subtilis’s DNA was only presented inside the spores. The efficiency of this step was verified by 
real-time PCR and no DNA template was found.  

The sample was subsequently washed six times with sterile water [4] to remove HCl. The aqueous spore sample with vol-
ume between 0.2 and 0.5 µl, was then placed on a hydrophobic microscope coverslip. The sample droplet was then covered 
with mineral oil. Different droplets were heated up to temperatures ranging between 120 °C and 180 °C, each for 20 s. Images 
of the samples before and after superheating were captured with an Axiotron II microscope (Zeiss), see Fig. 2b and Fig. 2c. 

The sample was then pipetted out from the oil droplet, mixed with 20 µl sterile water and centrifuged. The supernatant 
was transferred into a new tube and concentrated in a SpeedVac 5301 vacuum centrifuge (Eppendorf), until the final volume 
of 1 µl was reached. Finally the sample was mixed with a SYBR Green I PCR Master Mix containing TAQ polymerase (Fer-
mentas), forward [TTGGAGAAGTTATCGGGAAAT] and reverse [TAGTTGAAATCCTGAGCCATT] primers, to a final 
concentration of 50 pM. PCR with this primer set should result in amplicons with a length of 85 base pairs (bp). Real-time 
PCR was performed using a LightCycler 1.5 (Roche). Additionally, the PCR product specificity was verified by melting curve 
analysis as well as by gel electrophoresis.  
 
RESULTS AND DISCUSSION 

We have proven that the superheating method can release DNA from spore sample in 20 sec and we have found optimum 
condition for the process.  

 
Purification of spores: An intermediate step in the analysis was to ensure that all DNA released by superheating process 

originated only from the spores. This was important as the real-time PCR of untreated spore solution had shown that this solu-
tion does contain either free DNA, vegetative cells or both. The spore solution was therefore treated with 10 % HCl to destroy 
all remaining cells together with free DNA molecules. After this procedure no specific amplification by real-time PCR was 
observed. This confirmed that DNA detected after superheating could only originate from spores. Also, inspection by optical 
microscope using spore-cell contrast staining methods proved that cells were efficiently removed (Fig. 2a and b). 

 

   
 

Figure 2: Confocal microscope images (Zeiss Axiotron II) employing a 150x lens. (a) B. subtilis culture after induction of 
sporulation. Vegetative cells (green) are rod-shaped, spores (blue) are dome-shaped and smaller. (b) 5 days sporulating cul-
ture after HCl treatment does not show any vegetative cells. (c) Spores after exposure to superheating at 140 °C for 20 s. The 

picture indicates that number of intact spores was significantly reduced. 
 
DNA extraction from bacterial spores and PCR: The spore solution was exposed to a range of temperatures from 120 °C 

to 180 °C. Two experiments were performed for each set of conditions. Comparisons of the images before and after super-
heating suggests that the spores were indeed disrupted by superheating (Fig. 2b and c). 1 µL solution of each sample was add-
ed to PCR master mix and real-time PCR was performed (Fig. 3a). The specificity of PCR was verified by melting curve 
analysis as well as gel electrophoresis. It was found that the PCR product melting temperature was 82.2 °C ± 0.1 °C, as per 
analysis by Roche software, and was identical to positive control results. Also, the results of gel electrophoresis showed the 
DNA products yielded lengths of 85 bp as expected.  

a) b) c) 
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As a control experiment, spores were exposed to 100 °C for more than 2 h, with samples taken every 15 min. No specific 
PCR product was found in these controls, indicating that no DNA was either released from spores or had managed to survive 
the conditions [5].  

 
Optimization of DNA extraction from bacterial spores: Results from real-time PCR analysis demonstrated that the expo-

sure of spores to superheating successfully opened the spore shells and released the DNA (Fig. 3a). We assume that DNA 
might be partially damaged during exposure to high temperature. Indeed higher temperature should break more spores in the 
same time period but consequently destroy more DNA. Based on the critical threshold from the real-time PCR we have found 
that the highest yield of harvested DNA occured between 160 °C and 170 °C with an exposure time of 20 s(Fig. 3b). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
CONCLUSION 

The superheating process has been demonstrated as a simple, fast and effective method for the disruption of spores of the 
genus Bacillus in order to release their DNA for detection. Optimization of DNA extraction has been achieved by varying ex-
posure time and temperature, finding that an exposure time of 20 s at 165 °C temperature results in highest DNA yield. This 
method can be applied as a front-end tool for sample preparation in order to detect presence of pathogens, such as Anthrax. 
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165 °C DNA was damaged to a greater extent. 
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INTEGRATED HEATING AND COOLING MULTI-ZONE SILICON 
MICROREACTOR (MZSM) FOR INCREASED MONODISPERSITY IN 

TiO2 NANOPARTICLE SYNTHESIS 
E. Yegân Erdem, Jim C. Cheng, Fiona M. Doyle and Albert P. Pisano 

University of California at Berkeley, USA 
 
ABSTRACT 

This paper discusses the first demonstration of both thermally isolated heated and cooled zones integrated into one 
Multi-Zone Silicon Microreactor (MZSM) to increase monodispersity in the production of TiO2 nanoparticles. The 
novel thermal management scheme enables very sharp heating step function when initiating particle nucleation and 
immediate quenching of any further growth once the particles leave the growth region. As an early demonstration of 
the versatility of the novel MZSM, we have synthesized TiO2 nanoparticles using a heated zone for growth kept at 
100˚C and cooled zone held at room temperature. We have also shown the separation of nucleation and growth 
processes for the first time by first increasing the temperature to 200˚C for a short time and later decreasing the 
temperature to 70˚C for growth. The size distribution from the MZSM was compared to those synthesized by batch 
techniques [1] or other droplet flow reactors [2]. As an early demonstration of the versatility of the novel MZSM, we 
have successfully increased the monodispersity of TiO2 nanoparticles 
 
KEYWORDS 
Microreactor, Nanoparticle, Microfluidics, TiO2, Monodispersity, Thermal Isolation  

 
INTRODUCTION 

Research on microreactors aims to improve the quality of nanoparticle synthesis in order to obtain monodisperse 
size and shape distributions. In comparison to batch-wise synthesis techniques, microfluidic technology provides 
precise control on reaction conditions such as temperature and reagent concentrations [3].  

In this paper we introduce a silicon-substrate microreactor that has thermally isolated heated and cooled zones for 
controlled synthesis of TiO2 nanoparticles. Temperature of the reagents can be increased rapidly and later decreased 
in order to quench reactions. There are three thermally isolated zones used for controlled growth and nucleation of 
nanoparticles. We have demonstrated the growth of nanoparticles at 90˚C as well as separation of nucleation and 

growth processes by first increasing the temperature to 200˚C and later growing the nuclei at 70˚C. The capability to 
separate nucleation and growth is the key to achieve monodispersity in nanoparticle synthesis and it is not possible 
with batch techniques. 

 
DESIGN 

The MZSM is fabricated on a silicon substrate and microchannels are encapsulated by Pyrex substrate anodically 
bonded to the top surface for high chemical resistance and handling of high temperature and pressure reactions. The 
schematic of the MZSM is shown in Figure 1. 

 

 
Figure 1. Schematic of the microreactor. There are three thermally isolated heated regions in the reactor for which the 
isolation is achieved by through etching of the Si substrate with an isolation gap of 0.5mm. Channels are 200 µm deep. 
A) Droplet generation. B-C-D) There are three outlets which gives the ability to observe particles at different stages.  
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Droplets of reagents in an immiscible carrier fluid are generated by using triangular channel geometry to form 
uniform and stable droplets following the method in [4]. Two-phase flow provides uniform residence times in the 
heated regions and prevents contamination on channel walls. High temperature zones are heated by ceramic heaters 
attached to the bottom surface of the microreactor. The non heated regions are cooled by a chiller apparatus mounted to 
the surface through which water at 17˚C passes. Figure 2 shows the heating and cooling set-up of the microreactor. The 
temperatures at the heated and cooled regions are measured with an IR camera and a thermocouple embedded in the 
ceramic heaters attached to the substrate. Figure 3 shows an IR camera measurement when both nucleation and growth 
regions were heated. The goal of this figure is to show that we are able to achieve thermally isolated heated regions. 

 

 
Figure 2. Heating and cooling elements of the microreactor. A) Heating is achieved by the attachment of ceramic 
heaters to the back side of the substrate. B) The non heated regions are cooled by a channel attached to the surface.  

 

 
Figure 3. IR camera measurement of the heated and cooled zones. 

 
 

EXPERIMENTAL RESULTS AND DISCUSSION 
Two synthesis schemes for particle synthesis are possible with MZSM. Scheme 1, used for synthesizing the TiO2 

nanoparticles, utilizes the growth region and cooled region. Figure 4 shows real time images of nanoparticle synthesis 
inside the MZSM. The aqueous reagent was prepared by partially neutralizing TiCl3 in HCl using NaOH (0.15M TiCl3, 
0.25M NaOH, pH 0.5) following the method in [1, 2]. Mineral oil with Span80 (2%wt) was used as the carrier phase. 
Particles were grown within the growth region of the microreactor for 240s. After the synthesis, particles were 
centrifuged in acetone and then dispersed in an aqueous solution of 4.9mM Na-oleate.  

 

 
Figure 4. A) Stable droplet generation inside the microreactor. B) Droplets in the growth region. Flow rate of carrier 
fluid (mineral oil) is 1000μL/hr whereas flow rate of TiCl3 solution is 500μL/hr. 

 
TEM imaging shows that the average particle diameter is 26.5 ± 1.6 nm (Figure 5) with high yield. In Figure 5B, 

we can clearly see the Na-oleate coating on the particles. X-ray diffraction data in Figure 6 indicates that the particles 
were a combination of brookite and anatase TiO2. Our results show that the controlled growth in the microreactor 
improved the monodispersity by 10% over previous methods.  
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Figure 5. TEM images of TiO2 nanoparticles grown in the 
microreactor. Figure B shows the Na-oleate coating around the 
particles. Particles are 26.5 ± 1.6nm in diameter.  

Figure 6. X-ray diffraction pattern of TiO2 
nanoparticles synthesized in the 
microreactor. 

 
Scheme 2 adds in the regions for nucleation to separate the particle nucleation and growth processes. There are 

two thermally isolated heated regions for nucleation with short channels and different widths (100µm and 200µm). 
Separation of nucleation aims to nucleate particles at a high temperature for a short time without any growth. Only 
one nucleation zone is active for each synthesis. After nucleation, particles are heated at a lower temperature at the 
growth region without permitting for further nucleation. By this way particle monodispersity is aimed to be 
increased.  

In order to demonstrate scheme 2, we synthesized TiO2 nanoparticles by first nucleating them at 200˚C for 6 
seconds. After nucleation, solutions travel through the growth region at a lower temperature of 70˚C for 120 seconds 
to allow particles to grow without further nucleation. The first demonstration of scheme 2 shows that the particle 
sizes were reduced to 5.2 ± 0.3nm in diameter. The reason for reduced sizes is nucleating a lot of particles at the 
beginning and leaving fewer reagents for growth in the later stage. If larger particles are desired, extra reagents can 
be provided from the third inlet of the device. The TEM images of the synthesized particles with separate nucleation 
and growth is shown in Figure 7.  

 

 
Figure 7. TEM image of nanoparticles synthesized with separated nucleation and growth. Crystal planes of 
nanoparticles can be observed very clearly. In this experiment, Na-oleate coating was not used. 
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CHEMICAL SCREENING FOR SINGLE BACTERIAL ACTIVITY 
USING BACTERIA IMMOBILIZATION INTO MICROPOROUS 

Tomonori Kano, Tomomi Inaba, Kazuhiko Higashi, Norihisa Miki 
Keio University, Japan 

 
ABSTRACT 
    In this paper we demonstrate chemical screening using a microbial micro reactor immobilizing microbes by 
dielectrophoresis into micro holes, as shown in Fig.1. The flow-type microbial micro reactor facilitates collecting 
and evaluating reaction products while immobilization of microbes enables quantification of the number of microbes 
involved in the reaction and making their reactions conditions consistent. We applied this system to investigate the 
effects of chemicals on microbial activities of Corynebacterium glutamicum, which is widely used to produce 
beneficial chemicals in industry. The proposed system will be of great help to reduce the time and cost to find 
optimum biochemical microbial reactions. 
 
KEYWORDS 
Micro reactor, Chemical screening, Dielectrophoresis, Bacteria, Immobilization.  

 
INTRODUCTION 

A microbe enables multi-step biochemical reactions using containing multiple enzymes. Extremely wide varieties 
of bacteria have been discovered or genetically modified to develop the desirable fermentation process and are 
industrially used to produce various useful chemicals [1,2]. Precise control of the reaction conditions and the number 
of bacteria involved in the biochemical reaction is crucial to effectively screen them to efficiently produce useful 
chemicals by fermentation, such as organic acids and drugs [3,4].  

In our prier work, we developed the microbial micro reactor which can handle and immobilize live bacteria into 
micro holes by positive DEP as shown in Fig. 1. The media including reactive agents can be flown into the chip 
continuously and therefore, the reaction products can be continuously collected, which facilitates evaluation of the 
bacterial reaction. Different from traditional evaluate method using bulk condition, this micro reactor we proposed 
can quantify the number of microbes involved in the reaction and make their reactions conditions consistent. These 
advantages enable us to evaluate the production capacity of a single bacterium. By using micro reactor, we screened 
microbes to find the most efficient species [5]. 

In this paper, in order to demonstrate the performance of the micro reactor, we used the developed micro reactor 
to evaluate biological activity by chemical substance. We used Corynebacterium glutamicum as sample bacteria, 
which can produce more lactic acid by the addition of pyruvic acid or sodium bicarbonate [6,7]. After bacteria 
immobilization, we introduced culture media including pyruvic acid or sodium bicarbonate. By measuring the 
amount of lactic acid produced by the immobilized microbes in the micro reactor, we experimentally revealed 
biological activity by chemical substance. 

 
FABRICATION 

The fabrication process is shown in Fig. 2. The microbial micro reactor consists of two electrode, a fluid channel, 
and micro holes. Micro holes were formed by patterning negative photoresist (ZPN 1150-90, Nippon Zeon) 4 μm in 

thickness. We prepared the chip containing holes 5 μm in diameter. A hot melt sealing foil (Meltonix 1170-60, 
SOLARONIX) was patterned by a cutting machine (Craft ROBO Pro CE5000-40-CRP, Graphtec co.) and formed a 
micro channel when sandwiched by ITO electrodes and heat-treated at 100 °C. The channel height was determined 
by the foil thickness of 60 μm. 
 
 

 
 

 
 

Figure 1: Schematic image of microbial micro reacter. 
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EXPERIMENT 

The micro reacter enables us to investigate the effects of chemicals on microbial activities. To demonstrate it, we 

evaluated change of the production rate of lactic acid depend on the presence and absence of pyruvic acid or sodium 

bicarbonate. We tested Corynebacterium glutamicum, which can produce lactic acid by the addition of pyruvic acid 

or sodium bicarbonate.  

Live and dead bacteria were dyed with SYTO9 and PI, respectively. Figure 4 shows the bacteria evaluation 

process. First, microbial suspension (5×10
8
 cells in 1 ml of DI water) was introduced into the fluid channel and an 

electric voltage of 10 Vpp at 10 MHz was applied, which was found to be most effective to selectively immobilize 

live bacteria [8]. Strong electric fields are generated in the micro holes and microbes are attracted towards the pores 

and immobilized by positive DEP. After bacteria immobilization, we rinsed non-immobilized microbes away by 

flowing DI water at a flow rate of 2.5 l/min for 20 min. We investigated the live/dead bacteria selectivity by 

measuring the fluorescent intensity of SYTO9 and PI. Then, culture media including pyruvic acid or sodium 

bicarbonate was introduced at a flow rate of 2.5 l per minute. The product was collected for 70 min and the amount 

of lactic acid was measured using UV/Vis. 

 

RESULT AND DISCUSSION 

Figure 5 show fluorescent images of immobilized microbes. The green fluorescence indicates live bacteria dyed 

with SYTO9 and the blue fluorescence indicates dead bacteria dyed with PI. The Fig.5(A) and (B) were taken at the 

same positions but filtered by different wavelengths. 7.3 live bacteria in average were immobilized into 

5-m-diameter holes with a live/dead selectivity of approximately 3.5. These results confirm that live bacteria can be 

preferentially collected using a positive DEP process.  

The microbial micro reactor can investigate the effects of chemicals on microbial activities. Figure 6 and 7 show 

the the production rate of lactic acid of a shingle C. glutamicum as a function of the concentration of pyruvic acid 

and sodium bicarbonate, respectively. The lactic acid production capacities of a single bacterium were deduced by 

dividing the total amount of the produced lactic acid by the number of the immobilized bacteria in the chip. The 

production rate increase from 0.26 pg/min to 0.41 pg/min and 0.95 pg/min by addition of pyruvic acid and sodium 

bicarbonate. It increased 1.7 times by the addition of pyruvic acid and increased 3.8 times by sodium bicarbonate. 

 

 

 

 
 

 

 

 
 

Figure 2: Fabrication process. (i) Negative photoresist on 

ITO glass slide. Micro holes were formed by patterning 

negative photoresist 4 μm in thickness. (ii) Photoresist 

patterning. We prepared the holes 5 μm in diameter. (iii) Fluid 

channel patterning. A hot melt sealing foil was patterned by a 

cutting machine (iv) Thermo compression bonding. A micro 

channel is formed when sandwiched by ITO electrodes and 

heat-treated at 100 °C. (v) Completion. The channel height 

was determined by the foil thickness of 60 μm. 

 
 

Figure 3: (a) Photo of the microbial micro 

reactor. (b) Photo of the 5 mm-diameter micro 

holes formed by photoresist. 

 
 

Figure 4: Schematic image of bacteria evaluation process. (i) An electric voltage of 10 Vpp at 10 MHz was 

applied. (ii) Microbial suspension was introduced into the fluid channel. Positive DEP immobilized microbes 

into the holes. (iii) Non-immobilized microbes were rinsed away by DI water. (iv) Culture media were 

introduced into fluid cannel. Immobilized bacteria produced lactic acid. 
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CONCLUSION 

We demonstrate chemical screening using a microbial micro reactor immobilizing microbes by dielectrophoresis 

into micro holes. The device can preferably collect live bacteria into micro hole made of non-conductive photoresist 

by positive DEP and quantify the total number of bacteria involved in the microbial reaction. Because of these 

advantages, the device enables us to evaluate activity of single bacterium. We applied this system to investigate the 

effects of chemicals on microbial activities of C. glutamicum and experimentally found that the production rate of 

lactic acid of C. glutamicum increased 1.7 times and 3.8 time by the addition of pyruvic acid and sodium 

bicarbonate. 

We successfully investigated the effects of chemicals on microbial reactions, which can be readily applicable to 

chemical screening and microbial process development. 
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Figure 5: Immobilized bacteria in micro holes. (A) Live bacteria were dyed with SYTO9. (B) Dead bacteria 

were dyed with PI. The image (A) and (B) were taken at the same positions but filtered by different wavelengths. 

 
 

Figure 6: The production rate of lactic acid of C. 

glutamicum under various pyruvic acid 

concentrations. 

 
 

Figure 7: The production rate of lactic acid of C. 

glutamicum under various sodium bicarbonate 

concentrations. 
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India-500607

ABSTRACT
    An integrated microfluidic system for multiple reactions and separations involving ethyl diazoacetate is 
presented. Combined for the integration are: droplet technique for liquid-liquid and/or gas-liquid separation and 
in-situ generation of toxic reagent, a polymeric microseparator for liquid-liquid separation, and capillary 
microreactor for cascade reactions in a sequential and continuous manner. 
 
KEYWORDS
Microreactor, flow chemistry, hazardous materials, diazo-chemicals.  

 
INTRODUCTION

Diazomethane and ethyl diazoacetate are amongst the most common diazo-compounds that have remarkably 
attracted a huge interest in the production of fine chemicals and pharmaceuticals.[1] Despite commercial availability, 
the storage, transportation, and reaction of diazo-chemicals have raised significant safety concerns due to their 
instability, high reactivity and explosive nature. Although in most of the cases the diazo reagents are freshly prepared 
prior to their use, the possibilities of detonation of the chemical reagent inventory cannot be fully ignored. Recently 
microreactors attracted much interest because they could resolve these safety concerns owing to their miniaturised 
reaction volume, continuous flow processing, and fast heat as well as mass transfer ability.[2] 

In our earlier communication, we reported the generation of diazomethane and the successive processes in PDMS 
dual channels.[3] Despite controlling various parameters, only up to 63% of the total generated diazomethane could 
be separated and utilized for further reactions. Thus, it was disadvantageous that the safe manipulation of 
diazomethane was associated with significant amount of hazardous waste. Additionally, the durability and 
productivity of the microfluidic device (∼1 mmol/day) were also quite low. We, therefore, realized to develop a 
robust microfluidic set-up for advanced production of fine chemicals and/or pharmaceuticals using toxic, explosive 
and hazardous reagents without compromising on safety and waste hazard concerns. 

 
EXPERIMENT

Presented in this letter is a microfluidic system that is integrated for multiple reactions and multiple separations 
involving hazardous materials. In the system, the toxic and explosive reactant is synthesized in-situ and then reacted 
to produce valuable intermediate for the synthesis of fine chemicals and pharmaceuticals. Complete separation of the 
product is made possible through the use of a droplet microreactor in the system in which the reactants and the toxic 
product separate by themselves, i.e., self-separation without any input from outside such as heating or polymer 
support, which in turn facilitates almost complete conversion to the product. The material of construction for 
subsequent separation and further reaction for the intermediate is such that the throughput of the final product is two 
order of magnitude higher than that obtained earlier in a one-pot, non-integrated system.[3] Ethyl diazoacetate 
(EDA) was taken as a model hazardous and explosive reagent to illustrate the concept. The integrated microfluidic 
system is shown in Figure 1.  

 

 
 

Figure 1. Schematic illustration of continuous generation, extraction, separation, and reaction of EDA in an 
integrated microfluidic system.
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Fabrication of polyimide (PI) film dual channel microseparator  
Laser ablation on polyimide film was employed to fabricate the proposed dual channel device as illustrated in 

Figure 2. First of all, layers of 125 μm thick polyimide films (Kapton HN film, Dupont, USA) were ablated by UV 
laser (355 nm, ESI, USA) to form linear microchannel (1000 μm width, 80 μm depth and 35 mm length) as 
previously reported.[4] The 4-corners of each film were holed (1 mm diameter) to align the film patterns. After laser 
ablation, the films were cleaned by washing with acetone under ultrasonic and dried. Polytetrafluoroethylene (PTFE) 
membrane (Whatman, 0.45 μm pore, 37 mm dia) sandwiched by two sheets of polyimide film microchannels were 
placed between metal holder which align PI films by inserting metal pins through the holes at the film corners. 
Finally metal holders were tightly assembled by screw to connect tube. To test separation of immiscible 
organic/aqueous mixture, water with green ink and toluene were introduced into the separator as shown in Fig. 2b. 
Because PTFE membrane wets selectively non-aqueous solvents due to hydrophobic nature, water flow only into top 
channel while toluene phase are wetting on PTFE membrane and are shoved to bottom channel by flowing of water 
phase. Finally toluene phase were separated from inlet of top channel to outlet of bottom channel. 

 

 
 

Figure 2. a) Illustration and b) photograph of polyimide film dual channel microseparator.
 
In-situ synthesis, extraction, and separation of EDA 
In-situ synthesis, extraction, and separation of EDA were carried out by introducing glycine ethyl ester 

hydrochloride in acetate buffer (pH ´  3.5), aqueous NaNO2, and extracting solvent to the microfluidic set-up. 
Initially we attempted to mix the aqueous solutions of glycine and NaNO2 and then dispersed that mixture into 
toluene using two T-junctions (Figure 3a). However, there was a significant loss of EDA when two T-junctions were 
used, although cooling of the reaction mixture in ice bath diminished the degradation. We, therefore, decided to use 
an X-junction (Figure 3b) for mixing the two aqueous solutions for instant dispersion of mixture into extracting 
solvent to minimize the decomposition of EDA in acidic medium. The results of EDA synthesis using two T-set and 
one X- junction are comparatively summarized in Table 1. 

 

Figure 3. Illustration of microfluidic set-up with a) T-junction and b) X-junction.

Cascade aldol reaction with aldehydes  
1.50M solution of EtOOCCH2NH2.HCl in acetate buffer (pH ´  3.5), 1.51M solution of NaNO2 in DI water, and 

extracting solvent (toluene) were taken in three separate syringes and were introduced to X-junction at identical flow 
rates. The X-junction was connected to PI dual channel microseparator via PFA tube (id ´  800 m). The out-coming 
organic phase containing EDA (1.5 M) from PI dual channel separator was allowed to mix with the toluene solutions 
of DBU (1.2M) and aldehydes (6.0M) respectively through X-junctions (Figure 4). The final reaction mixture (EDA, 
DBU, and aldehyde) was then passed through ultrasonication (40 0C) using a PFA capillary (id ´  800 m, length ´  5 
m) and the reaction was quenched into aqueous NaHCO3. Under the stable conditions, exactly 5 mmol of the product 
was collected (Run time 55.6 min). The temperature of ultrasonication bath was maintained constant by continuous 
water circulation. The organic phase was separated, dried, and evaporated to yield crude which was purified by 
silica-gel column chromatography. 
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Table 1. Results of EDA synthesis using two T-set (Figure 3a) and one X-junction (Figure 3b) 

 [a] Composition of EDA precursors: 1.50M EtOOCCH2NH2.HCl in acetate buffer (pH=3.5), 1.51M NaNO2

 

 in water; flow rates 
of aq. solutions and extracting solution were in 1:1:1 ratio. [b] Residence time for droplet reaction and extraction in PFA capillary 
(id = 800 µm, length = 120 cm). [c] Determined by GC/MS using anisole as an internal standard. 
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Figure 4. Cascade generation, separation, and reaction of EDA with various aldehydes (Yields in the parentheses 
are of isolated product on 5 mmol scale). 

 
The integrated microfluidic system has been proven to be resilient and robust in handling hazardous reagents 

even when subjected to continuous operation of the system over long periods of time. The durability can readily be 
attributed to the chemical inertness of the materials (PFA, PTFE and PI). The integrated microfluidic system was 
repeatedly used for multiple optimization and reactions over several months without any noticeable change in the 
system performance. 
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MICRO-FLOW REACTION SYSTEMS FOR PHOTOCATALYTIC 
CARBON DIOXIDE RECYCLING AND HYRDROGEN GENERATION  

Yoshihisa Matsushita1,2, Haitham Mohamed Ahmed Mohamed1, and Shinichi Ookawara1,2  
1 Egypt-Japan University of Science and Technology, Egypt,  2 Tokyo Institute of Technology, Japan 

 
ABSTRACT 
    Microstructured reaction vessels with immobilized photocatalyst thin layer were successfully applied to carbon 
dioxide recycling and water splitting processes. It was revealed that the yield and selectivity of the reaction can be 
greatly enhanced under gas-liquid multiphase flow conditions, owing to extraction of reaction products to the gas 
phase which results in suppression of undesired reverse reaction.  
 
KEYWORDS 
photocatalyst, carbon dioxide recycling, hydrogen generation, green synthesis 

INTRODUCTION 
If we utilize a microreactor with immobilized photocatalytic thin layer on inner walls, its high surface area per 

unit volume as well as fast rate of mixing, and homogeneous light irradiation through the entire reaction vessel may 
accelerate photocatalytic reactions effectively. Thus we have applied microreacors with immobilized photocatalyst 
layer to photocatalytic synthetic reactions [1-4]. In this presentation, we will report our latest results directed toward 
green and sustainable chemistry.   

EXPERIMENT 
Microreactors made of Tempax plates with a immobilized photocatalytic TiO2 layer and a thin film of 

self-welding fluorinated polymer were employed for preliminary experiments (Fig. 1). For larger production scale 
experiments, we developed microreaction devices made of duralumin have a reaction zone of 30 mm in width and 60 
mm in length. The reaction zone consists of 30-100 parallel grooves and the cross section of the grooves has a 
rectangular shape of 100-300 m in depth and width (Fig. 2). The inlet and outlet of the reaction zone have 3D 
structures to avoid maldistribution of flow and to generate stable multiphase flow. The reaction zone was covered 
with a quartz or Pyrex plate with immobilized photocatalytic TiO2 layer, so that the device can be applied to 
photocatalytic reactions initiated by 365 nm UV-LED (Nichia, 10 W optical power output) irradiation.  

  

Figure 1. Typical experimental setup for preliminary experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Micro-structured photocatalytic reaction devices for larger scale production. 
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RESULTS AND DISCUSSION 

There are many reports on reduction of carbon dioxide by photocatalyst. In particular, reports on reduction of 
carbon dioxide by water without any sacrificial reagents to produce methanol, formic acid and methane, as indicated 
in the scheme 1, have been attracted much attention in terms of carbon dioxide utilization for sustainability, even 
though they showed only significantly low reaction yield. It is inevitable to design a highly efficient reaction system 
using water as an electron source but without using sacrificial reagents thereby realizing a practical reaction system 
avoiding environmental load on reactions.  

 
Scheme 1. 

CO2 + 2 H+ + 2e- → CO + H2O                    

CO2 + 2 H+ + 2e- → HCO2H    

CO2 + 4 H+ + 4e- → CH2O + H2O   

CO2 + 6 H+ + 6e- → CH3OH + H2O      
CO2 + 8 H+ + 8e- → CH4 + H2O 

 
 
For that purpose, we examined photocatalytic reduction of carbon dioxide in the microreactors. Distilled water 

saturated with carbon dioxide was loaded into the microreactor then photoirradiated by UV-LEDs under 
homogeneous laminar flow or gas-liquid multiphase flow conditions. We proved a successful application of the 
microreactor with high reaction yield which was not shown in conventional methods. Methanol was obtained as a 
main reaction product. The concentration of methanol reached up to 4.32 mM and the conversion of carbon dioxide 
saturated in water achieved 12% at maximum in reaction time of 81 seconds. It was revealed that the yield and 
selectivity of the reaction can be greatly enhanced under gas-liquid multiphase flow conditions (Fig. 3), owing to 
extraction of produced methanol to the gas phase which results in suppression of undesired reverse reaction.  

 

 
Figure 3. Photocatalytic reduction of CO2 under multi-phase flow conditions. 

 
The enhancement of the efficiency of water splitting process to yield hydrogen under multi-flow conditions was 

also successfully examined. The reaction yield dependence on the flow and photocatalyst layer conditions and 
application of solar active photocatalyst to the reactions will be further discussed to realize the reaction system 
directed toward green and sustainable chemistry. 
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DROPLET-BASED MICROFLUIDIC SYNTHESIS OF GIANT 
UNI-LAMELLAR LIPID VESICLES CONTAINING QUANTUM DOTS 

Youn-Hee Park, Do-Hyun Lee, Eujin Um, and Je-Kyun Park 
Department of Bio and Brain Engineering, KAIST, REPUBLIC OF KOREA 

 
ABSTRACT 
    This paper describes a new droplet-based microfluidic platform for synthesis of small sized (~10 μm) giant 

uni-lamellar vesicles (GUVs) containing quantum dots (QDs). To generate GUVs, we introduced an additional 
cross-flow to break vesicles into small size. Dimyristoylphosphatidylcholine (DMPC) was used in construction of 
self-assembled membrane, in which the solvent of DMPC were octanol and octanol–chloroform mixture. 
Consequently, we have demonstrated that the monodispersed GUVs with 7−12 μm diameter containing nano-sized 
QDs were successfully fabricated. The proposed synthesis method of cell-sized GUVs would be highly desired for 
the multipurpose drug delivery and the study of artificial cells. 
  
KEYWORDS 

Giant uni-lamellar lipid vesicles, Microdroplet, Quantum dots encapsulation  
 

INTRODUCTION 
Monodispersed lipid vesicles have been utilized as a drug delivery vehicle and a biochemical reactor. To generate 

monodispersed lipid vesicles in nano- to micrometer size range, an extrusion step must be included in conventional 
hand-shaking method [1]. Although droplet-based microfluidics is suitable to synthesize giant uni-lamellar vesicles 
(GUVs), previous method depends on sophisticated control of vesicle size and shows low encapsulation efficiency 
[2]. In addition, lipid vesicles as a drug carrier still need to be improved for effective encapsulation of the 
concentrated biomolecules such as cells, proteins and target drugs [1]. To overcome these limitations, this paper 
reports a new microfluidic platform for continuous synthesis of cell-sized (~10 μm) GUVs containing quantum dots 
(QDs). 

 
EXPERIMENTAL 

Figure 1 shows an overall schematic diagram of GUVs synthesis in a microfluidic device. Droplets of an aqueous 
solution containing QDs were generated at a T-junction, in which the oil phase consisted of octanol and 
octanol:chloroform 3:2 (v/v) containing dimyristoylphosphatidylcholine (DMPC) as a lipid solution. Next, the 
control water flow from the additional inlet promoted secondary droplet breakup and formation of a lipid monolayer 
at the interface between oil and water phase of droplets. Furthermore, the generated lipid vesicles were allowed to 
stabilize at the expansion channel with an enlarged channel height (Figure 1b). The microfluidic device was 
fabricated through a two-step soft lithography technique using poly(dimethylsiloxane) (PDMS). The dimension of 
fabricated device was shown in Figure 2. The widths of the water and oil channel were 20 and 30 μm, respectively. 
The channel height of the T-junction and the expansion channel were 10 and 70 μm, respectively. 

 

 
 

 
 

 
 
 
 

Figure 1. Diagram of giant uni-lamellar vesicles (GUVs) 
synthesis on a microfluidic chip. (a) Essential three-steps of 
GUVs synthesis process. (b) The generated lipid vesicles were 
allowed to stabilize at the expansion channel, which was 
fabricated by two-step photolithography. 

Figure 2. Channel design and an enlarged 
view of the fabricated microfluidic device. The 
microfluidic chip is designed with two parts; 
the one is droplet generation part and the 
other is lipid bilayer construction part. 
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RESULTS AND DISCUSSION 
As capillary number (Ca = μv/γ) increases, the droplet size becomes smaller. In addition, the viscosity (μ) of the 

liquid is controllable according to the type of solvent used as oil phase. If the lipid concentration is high, surface 
tension (γ) is low. In this study, three factors of capillary number were exploited to find the smallest diameter of 
GUVs. Figure 3 shows the plot of the droplet diameter versus the flow rate ratio (Qo/Qw) on the droplet generation, 
where Qo and Qw are the oil and water flow rates, respectively. We confirmed the range of droplet diameter 
according to Qo/Qw. When the Qo/Qw was adjusted at 5, 4, and 2, the droplet size was changed to 16.4 ± 1.4, 17.6 ± 
2.2 and 20.3 ± 3.2 μm, respectively. On the basis of the Ca, it is clear that higher Qo/Qw could make smaller droplets. 
To maintain a smaller and more stable droplet generation status, we selected an experimental condition of Qo/Qw to 
be greater than 5.   

We also characterized the effect of two solvents of octanol and octanol:chloroform 3:2 (v/v) to optimize the 
droplet size. The viscosity of lipid solvent acts as a significant role to determine droplet diameter. When the 
chloroform was utilized to generate the droplets, its high vapor pressure and swelling effect on PDMS would hinder 
the long-term production of vesicles within a microchannel. On the other hand, the swelling effect on PDMS 
microchannel was not accompanied by octanol. Moreover, in order to improve the lipid solubility and increase 
lamellarity of lipid molecules, we used octanol and octanol–chloroform mixture for lipid solvent instead of 
chloroform (Figure 4a). As a result, the monodispersed droplets which were around 10 μm in diameter were 
successfully fabricated when the octanol–chloroform solution was used as a solvent (Figure 4b). 

 

  
 
Figure 3. (a) Plot of the droplet diameter versus the 
flow rate ratio Qo/Qw on the droplet generation, where 
Qo and Qw stand for the oil and water flow rates, 
respectively. The microscopic images of the droplet 
break-up by the additional cross-flow when the ratio of 
Qo/Qw was (b) 5, (c) 4 and (d) 2. 
 

 
Figure 4. Effect of solvent types on the droplet 
diameter. (a) Plot of the droplet diameter versus the 
flow rate ratio Qw/Qo. (b) Microscopic images of 
droplets in different solvents and flow rate conditions. 

 

Figure 5 shows the histogram of droplet diameter with respect to the lipid concentration from 2 to 14 mg/ml at 
the Qw/Qo of 0.4. Because the lipid molecule reduces the surface tension of droplets, the size of the generated 
droplets was decreased as the lipid concentration increases. At the highest lipid concentration of 14 mg/ml, the size 
of monodispersed droplet was approximately 10 μm. However, at the lipid concentration of 6 and 10 mg/ml, the 
droplets were produced from a few micrometers to several tens of micrometers.  

 

 
 

 

Figure 5. Plot of the droplet size distribution depending 
on the lipid concentration of (a) 14, (b) 10, (c) 6, and (d) 
2 mg/ml. Lipid concentration was related to droplet 
diameter and uniformity. 

Figure 6. Microscopic images of the fabricated GUVs 
containing quantum dots (QDs). Highly uniform-sized 
GUVs were synthesized with a diameter of 7.8 ± 1.0 
μm. 
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Under the fixed flow rate condition, the lipid concentration should be significantly considered to determine the 
droplet diameter and monodispersity.  

As seen in Figure 6, a bright-field image of the GUVs which were stably stored in the microfluidic outlet. We 
successfully synthesized the small-sized GUVs (smaller than 10 μm) using the octanol–chloroform solution when 
the Qw/Qo and lipid concentration were 0.4 and 14 mg/ml, respectively. The diameter of vesicles after breakup was 
found to be 7.8 ± 1.0 μm. 

In order to confirm the efficient encapsulation to GUVs, we verified the encapsulation of QDs inside the lipid 
vesicle (Figure 7). The concentration of CdSe QD (with fluorescence emission peaks of 655 nm) solution was 10 nM. 
In Figure 7a, the QD-encapsulated GUVs transferred from the microfluidic outlet were stored on the glass slide at 
room temperature for 30 min. The fluorescence intensity profile on the line A–A' in Figure 7a was measured as 
shown in Figure 7b. Synthesized GUVs, which had uniform diameter, had constant relative intensity.  

These methods would be practicable to control the concentration of QDs in lipid vesicle according to the 
concentration of QDs in injected solution. This possibility will overcome limitation of hand-shaking method about 
low encapsulation efficiency.   
 

 
 
Figure 7. (a) A microscopic image of a fabricated vesicle containing QDs. (b) The fluorescence intensity profiles of a 
vesicle across the line A–A’ of panel a.  
 
CONCLUSION 

We have presented a method to synthesize GUVs containing QDs based on the droplet-based microfluidics. 
Uni-lamellar vesicles were continuously generated and split in the range of particular dimensions by an additional 
cross-flow. The fabrication method could be applied to collect highly monodispersed GUVs with high encapsulation 
efficiency, in the various experimental conditions such as the ratio of flow rates at T-junction, solvent type and lipid 
concentration. The fabricated GUVs containing QDs were easily collected from the outlet and stably stored. This 
paper suggested that droplet-based GUV synthesis technique would be applicable to make high efficiency of drug 
encapsulation and pseudo-cell study. 
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MICROFLUIDIC SYNTHESIS OF METAL ORGANIC FRAMEWORKS 
CRYSTALS INTO CONFINED MICRODROPLETS 

Marco Faustini1, Jun Kim2, Wha-Seung Ahn2, Dong Pyo Kim1

1 Pohang University of Science and Technology, South Korea, 2 Inha University, South Korea

ABSTRACT
    A microfluidic strategy has been used to e continuously synthesized and study a well known Metal Organic 
Frameworks such as Cu3BTC2 into microdroplets. High quality crystals were obtained within a few minutes with 
reaction kinetics increased by approximately two orders of magnitude compared to the conventional batch processes. 
The effect of the flow rate and the concentration on the crystallinity and BET surface area were also studied.  
 
 
KEYWORDS
Cu3BTC2, Metal Organic Frameworks, droplet, microreactor  

 
INTRODUCTION
Metal-organic frameworks (MOFs) are a new class of  porous crystalline materials composed by metal connectors 
and organic ligands that have attracted immense attention due to the possibility to obtain a large variety of diverse 
structural topologies, pore sizes and volume and chemical functionalities.[1] The design of MOFs with tunable 
properties has opened therefore perspectives for these materials utilization in many fields such as in gas storage, gas 
separation, catalysis, sensing and biomedical applications. [2] The conventional synthesis of MOFs is usually carried 
out via hydrothermal or solvothermal methods and requires several days for the crystallization and formation of the 
highly porous network. [3] However, the development of continuous, rapid and viable processes is required in order 
to meet commercial and industrial requirements.  
The utilization of droplet-based microfluidic has been extensively exploited for high screening biological and 
biochemical experiments for the last decades. The microfluidic approach for material synthesis offers several 
advantages such as the very efficient mixing into confined droplets that leads to increased reaction�s rate and the 
possibility to track in-situ the material formation by optical microscopy. [4,5] In addition the use of microdroplets 
rather than continuous flow permits to avoid a critical issue such as the channel clogging, in presence of solid 
particles. In this work, we report a microfluidic strategy to perform the continuous and ultra-fast synthesis of Metal 
Organic Frameworks crystals into confined microdroplets. In particular synthesis of the material Cu3BTC2 is described 
and the influence of the flow rates as well as the precursor concentration have been investigated 

 
 

EXPERIMENT

The material Cu3BTC2 is reported as case of study; the conventional solvothermal synthesis of this MOF is performed 
at 90´ C for 24 hours [6]. The Cu3BTC2 precursor solution was prepared by adding a stoichiometric amount of 
Cu(NO3)2 H2O and H3BTC to a homogeneous solution of N,N-dimethylformamide (DMF), Ethanol (EtOH) and 
deionized water (H2O). The schematic illustration of the microsystem is shown in Figure 1 (a). 
 

 
 

Figure 1: (a) Schematic representation of the microfluidic system; (b) optical image of one single droplet containing 
Cu3BTC2 crystals 
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The microdroplets containing the Cu and BTC precursors are first generated in a PDMS based T-junction device 
prepared by scaffold method.[7] The structure of the PDMS chip allows easy and direct connection between the 
droplet generation device and the PFA tube without leaking or droplets merging. In the second step, the droplets 
passed through the PFA tube immerse in a silicon oil bath at 90°C in order to perform the solvothermal synthesis of 
MOF crystals into the droplets. The optical image in Figure 1(b) show discrete 200µm droplets containing the 
characteristic bluish Cu3BTC2 crystals formed after reaction. After reaction, the synthesized products were collected 
at the outlet of the PFA tube by a cooled vial at low temperature to avoid further crystallization. Then, the upper oil 
phase (continuous phase) was separated, and the synthesized products were collected by centrifuging (4000 rpm, 15 
minutes). After washing several times the as-obtained samples with fresh EtOH, the resultant products were dried at 
80 °C overnight under vacuum. 
The experiments were carried out at various flow rates of dispersed phase (Qd; 1-12 µL min-1) and continuous 
phases (Qc; 5-60 µL min-1) with constant ratio Qd:Qc = 1:5. The reaction time, which corresponds to the retention 
time of the droplets in the heating bath, was fixed between 1 and 12 minutes by controlling the flow rates of both oil 
and polar phases. This parameter has been modulates in order to investigate the influence of the retention/reaction time 
on the morphology, the crystallinity and the inner porosity of the crystals obtained from the precursor solution having 
initial copper concentration equal to 0,6 mol/L. The morphology of the resulted crystals is shown in SEM micrograph 
in Figure 2: the particles consist of the typical octahedral Cu3BTC2 crystals in the 5-15 μm range.  
 

 
 

Figure 2. (a) SEM micrograph of the obtained Cu3BTC2 crystals for increasing reaction times 
 
The X-ray diffraction patterns of the resulted crystals obtained after increasing retention times are shown in Figure 
3(a): the characteristic peaks corresponding to the crystalline structure of Cu3BTC2 can be identified for all the samples 
even after one minute of reactions. The most important properties to evaluate the quality of the material are its specific 
surface area (SBET) and its pore volume. Those values have been calculated by BET ads that are reported in Figure 3(b) 
for all the retention times.  

 
Figure 3. (a) XRD patterns and (b) BET curves of the Cu3BTC2 crystals obtained after increased retention time 
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The effect of the retention time on SBET is summarized in the graph in Figure 4 for two different precursor solution 
concentrations: 0,12 and 0,6 M as referred to the copper content. In both cases a similar trend was found with an 
optimum reaction time that gives a maximum SBET.  In particular high quality crystals can be obtained after only 3 
minutes of reaction from the lower concentrated precursor solution: SBET surface was found to be 1913 m3/g, a higher 
value compared to the conventional bulk process performed for 24 hours. In addition a decrease of SBET at higher 
retention times indicates a fast degradation of the crystals due to the metastable nature of the material and its 
redissolution in the mother solution especially in the presence of H2O; Cu3BTC2 is known to be moisture-sensitive.[8]  
 

 
Figure 5. Specific surface area as function of the retention time and of the concentration. 

In summary a new microfluidic strategy was developed in order to synthesize Metal Organic Frameworks into 
microdroplets in a continuous and fast way. In particular the preparation of Cu3BTC2 crystals was performed within 
few minutes with increased crystallization (and degradation) kinetics: this process can be thus considered as an ideal 
platform for the development and the continuous production of novel MOFs. 
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ABSTRACT 
    In this paper, we present a crystallization platform that couples capillary microfluidics-based emulsion 
generation with evaporative crystallization for the production of monodisperse spherical agglomerates of glycine, a 
model molecule for API crystallization studies. This platform enables us to produce exquisitely uniform spherical 
agglomerates (SAs) in industrially relevant size ranges. Furthermore, on-line high-speed imaging provides valuable 
and hitherto unmatched insights into crystallization dynamics within emulsion droplets. We show that our system 
can be extended to other analogous molecules in a straightforward fashion. We also discuss several crucial aspects of 
crystallization dynamics that could extend our system’s applicability to industrially relevant solutes. 
 
KEYWORDS 
Spherical crystallization, Capillary microfluidics, Pharmaceuticals.  

 
INTRODUCTION 

Emulsion-based crystallization to produce spherical crystalline agglomerates (SAs) is an attractive route to 
control crystal size and morphology during the downstream processing of active pharmaceutical ingredients (APIs) 
[1-3]. However, conventional methods of emulsification in stirred vessels pose several problems that limit the utility 
of emulsion-based crystallization, the most important two being the polydispersity of the SAs obtained and the lack 
of possibility to conduct meaningful on-line observation of the crystallization process. In our recently published 
study, we use capillary microfluidics coupled with off-chip evaporative crystallization to overcome both these issues: 
microfluidic droplet generation enables us to achieve unprecedented uniformity of SAs, while on-line 
stereomicroscopic observation provides valuable insight into the crystallization process [4]. In this study, as an 
extension to our previous work, we present detailed analyses of the crystallization process on two distinct scales: (i) 
on the global scale, nucleation probability analysis shows that although it is often assumed that microfluidic droplets 
can be treated as isolated miniature batch crystallizers [5], this assumption is not necessarily valid for 
emulsion-based crystallization (ii) on the single SA scale, the distinctly linear growth rate obtained from high-speed 
imaging suggest that crystal growth within the droplets resembles spherulitic crystallization from melts [6-7]. We 
analyze how processing conditions influence, and ultimately, set the limits for spherical crystallization from 
microfluidic emulsions. We also show that our system can be extended to other analogous molecules in a 
straightforward fashion.  

 
EXPERIMENTAL SECTION 

Our experimental setup is shown in Figure 1. Emulsions of saturated glycine or L-alanine solutions in dodecane 
(loaded with 2% w/w% of a 7:3 mixture of Span-20 and Span-80 [2]) are generated in a common concentric 
capillary microfluidic device [8]. We use syringe pumps (Harvard PhD 2000) to infuse the two phases at different 
flow rates in order to control droplet size. These emulsions are then dispensed on heated glass slides maintained at 
surface temperatures varying from 25 to 88 °C. Crystal nucleation and growth is observed and imaged by high speed 
cameras (Basler pI640 or Vision Research Phantom EX2) mounted on a microscope (Leica MZ16). Image analysis 
of crystal growth measurements was conducted using the image analysis package of MATLAB®. 
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Figure 1. Schematic of our experimental setup and the crystallization process. Emulsion generation is performed in 
concentric microfluidic glass capillaries, where a square capillary (ID=1 mm) houses a tapered round capillary 
(OD= 1 mm). The two ends of the square capillary function as inlets and the round capillary functions as an outlet. 
The emulsions thus generated on a heated glass slide, where crystallization occurs. The two micrographs show 
typical droplets and formed (but un-aged) spherical agglomerates. 

 
RESULTS AND DISCUSSION 
Droplet shrinkage is followed by nucleation events within individual droplets. Once a nucleus is formed within a 
droplet, crystal growth is very rapid (<0.1 s) and occurs linearly along radially advancing fronts at speeds of the 
order of 1 mm/s, similar to spherulitic crystal growth from impure melts. The spherulitic aggregate thus formed ages 
to yield the final SA morphology. Overall crystallization times are of the order of minutes, as compared to hours in 
conventional batch processes [2]. This process enabled us to produce the most uniform SAs reported to date, with 
narrow, nearly monodisperse size distributions and complete absence of extremes in particle size (Figure 2(a-d)). We 
have also successfully applied our method to the crystallization of L-alanine - a glycine analogue with an extra 
methyl group. Extending this method to other pharmaceutically relevant molecules will require selection and 
optimization of an appropriate emulsion system in which the molecule of interest is strictly localized within the 
dispersed phase. 
 
CRYSTALLIZATION DYNAMICS: NUCLEATION 
By observing arrays of crystallizing droplets on the glass slide via optical microscopy, we could track droplet 
shrinkage and nucleation over time (a sample set of data is provided in Figure 2(e)). It can be seen that nucleation is 
preceded by the complete shrinkage of the droplets, and the two phenomena can essentially be decoupled from each 
other (this can be observed under most conditions used during our experiments). From the nucleation data we 
estimate the probability of no nucleation within a droplet (P) over time (t). In a conventional crystallizing system this 
would follow a Poissonian exponential decay (P(t) = exp[(− t/τ)]). Interestingly, in our case, the probability of no 
nucleation observed follows a compressed exponential decay process (P(t) = exp[(−t/τ)β] under all conditions (a 
sample set of data is provided in Figure 2 (f)). This suggests that the presence of formed SAs enhances nucleation 
rate. While changes in crystallization conditions (temperature, droplet size) can change the time constant (τ) and the 
compressed exponent (β) – for example at higher temperatures crystallization times drop drastically – the general 
observation holds for all conditions and for both solutes investigated in this study. 
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Figure 2: (a-b) uniform SAs of glycine for two representative sizes; (c-d) uniform SAs of L-alanine for two 
representative sizes; (e) Droplet size vs. time (shrinkage dynamics) with an overlayed histogram indicating 
nucleation in a population of droplets of ∼140 μm of initial size; (f) nucleation statistics for a population of ~80 µm 
spherical agglomerates: the probability of no nucleation within a droplet vs. time after dispensing on the glass slide. 
(g) the formation of a ~85 µm SA after the nucleation event (h) crystal growth rate measurement (tracking the 
distance of the crystal front from the nucleation origin over time) for a 110 µm SA in several growth directions. 
 
CRYSTALLIZATION DYNAMICS: GROWTH 
In order to gain insight into the crystal growth mechanism in this system, high speed videos of crystallizing droplets 
were recorded and analyzed to obtain crystal growth rates in several directions [4]. Figure 2(g) shows an image 
sequence of a representative forming spherical agglomerate, whereas Figure 2(f) shows representative results for our 
image analysis process. It has been observed that crystal growth in most cases is linear in all directions, which is a 
characteristic of spherulitic growth from polymeric or metallic melts under extreme supersaturation conditions [6-7]. 
This observation also stands for both materials investigated and for most conditions explored, although under some 
conditions we can observe instances of anisotropic (but still linear) growth, which has also been shown to occur in 
spherulitic processes [9]. The detailed investigation of spherulitic crystallization in water-in oil emulsions is under 
way, and is expected to provide guidelines for the design of industrially relevant spherical crystallization processes. 
 
CONCLUSIONS 
In conclusion, we present the first microfluidic platform for production of spherical agglomerates of API crystals, 
with unprecedented uniformity in size. This system also enabled us to gain several valuable insights into the 
nucleation dynamics and formation mechanism of SAs. We believe that these insights will enable the design of 
microfluidic emulsion-based crystallization processes for a wide range of APIs. Therefore, the work presented here 
paves the way for microfluidics-based continuous spherical crystallization processes that could drastically reduce 
downstream energy costs, thus leading to more sustainable pharmaceutical production and formulation processes. 
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The Rc value was derived from Fick’s first law and was calculated from diffusion coefficient (D), initial 

concentration of protein (C0), and the consumption rate of protein in solution (q) [5].  

 

RESLUTS AND DISCUSSION 

We used thaumatin (22 kDa), glucose isomerase (170 kDa), and ferritin (440 kDa) as model proteins to confirm 

the effect of protein molecule diffusion on crystallization. Fig. 1 shows the concept of our droplet based single 

crystallization method. This technique is based on the alleviation of supersaturation by controlling the protein 

concentration gradient in a microdroplet after first nucleation. We employed suitable droplet size based on Rc to 

generate single crystals each droplets. Rc is, in other words, the maximum distance to which protein can be 

transported to the center of the droplet by simple diffusion. Therefore, according to equation (1), we considered 

single crystallization as difficult when we employing large molecular weight protein due to the smaller Rc value. We 

carried out preliminary protein crystallization experiment within a droplet to calculate Rc. The estimated critical 

droplet size is summarized in Table 1. The critical droplet size was roughly calculated 600, 600, 450 and 60 ~ 200 

µm for lysozyme, thaumatin, glucose isomerase, and ferritin, respectively. 

 

Table 1. The Estimated Value of Critical Droplet size 

 

 

 

 

 

 

 

 

 

Figure 1. The concept of single crystallization based on droplet microfluidics. 

(a) Droplet size < Critical size (Rc) (b) Droplet size > Rc. The critical size was estimated diffusion coefficient (D), 

initial concentration of protein (C0), and the consumption rate of protein in solution (q). Each scale bar is 200 µm. 

 

The diffusion coefficient of ferritin monomer was reported to be 3.2 × 10
-11
 m

2
/s as measured by dynamic light 

scattering [7]. In this study, we used 24 subunits ferritin solution thus, we estimated the diffusion coefficient of 

ferritin to be 1 × 10
-12
 - 1 × 10

-13
 m

2
/s at 4 °C. In fact, the actual critical size is considered to be smaller than these Rc 

values, because nucleation does not always occur at the center of the droplet and crystal size at the late stage is not 

negligible. Therefore, we carried out protein crystallization experiment within droplets based on this slightly smaller 

droplet size compared to critical size. 

Thaumatin crystallization was carried out in 200 µm and 500 µm droplets. These droplet volumes were 4 nL and 

50-65 nL, respectively. We employed flow rate and structure of microchannel to obtain the desired droplet volume. 

Homogeneous droplets were collected from each capillary with the corresponding diameter. The crystallization 

experiments were carried out at 4 °C. Figure 2 (a) and (b) show the distributions of the number of thaumatin crystals 
within 200 and 500 µm droplets. The initial thaumatin concentration C0 was 10 mg/mL and 0.8 M potassium sodium 

tartrate was contained as a precipitant. Results show that we were able to obtain a single crystal within the 200 µm 

droplet although nucleation frequency was slightly low. On the other hand, when we generated 500 µm droplets, the 

nucleation profile showed a larger distribution compared with 200 µm droplets as shown in Figure 2 (b). This result 

suggests that the estimated critical size roughly agrees with the experimental results and that droplet size also plays 

an important role in microdroplet-based protein crystallization. In order to enhance nucleation frequency, the initial 

concentration of thaumatin was increased from 10 mg/mL to 12 and 15 mg/mL. As a result, a single thaumatin 

crystal also appeared within the droplet even with higher protein concentration. Nucleation frequency was increased 

to 60 % (C0=15 mg/mL) when we used 200 µm droplet. Moreover, we previously reported the ability to achieve  

single crystallization by using 360 µm droplets [4]. In contrast, distribution of the number of thaumatin crystals 

within 500 µm droplets showed significantly larger distribution than 200 µm droplet. Figure 2 (c) shows distribution 

of the number of lysozyme crystals within 200 µm droplet. The initial lysozyme concentration C0 was 40 mg/mL and 

0.5 M NaCl was contained as a precipitant. In the case of lysozyme and glucose isomerase crystallization, a single 

crystal of each protein was obtained within a 200 and 360 µm droplet similar to thaumatin crystal. When we 

employed 360 µm droplet, lysozyme nucleation frequency was increased to almost 70 % (C0=40 mg/mL), and 60 % 

of droplets contained a single crystal. Consequently, these results suggest that we can control the nucleation behavior 

of a protein by controlling not only the crystallization condition but also by droplet size. 

Rc

Crystal Growth > Nucleation

(a) (b)

Rc

Crystal Growth vs Nucleation

Diffusion

Protein Lysozyme Thaumatin
Glucose 

isomerase
Ferritin

Rc [µm] 600 600 450 60 ~ 200
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We also carried out ferritin crystallization based on the Rc value above. In the case of ferritin crystallization, the 

precipitant concentration was changed to control supersaturation within the droplet. As a result, when 360 µm 

droplets were generated and initial concentration of cadmium sulfate was 30 mM, a single ferritin crystal was 

contained in almost all droplets as shown in Figure 2 (d). However, under the slightly higher supersaturation 

condition, the initial concentration of cadmium sulfate was 40 mM, and the number of ferritin crystal that appeared 

within droplets showed a wide distribution. The Rc value of ferritin was significantly smaller compared with other 

proteins used in this study as shown in Table 1. Due to the small Rc value, we consider that the microdroplet of 

ferritin has relatively small effect on the alleviation of supersaturation in a droplet after the first nucleation. 

Therefore, the region of high supersaturation remained far away from a ferritin crystal contained in a droplet. This 

high supersaturation made possible the induction of further nucleation. For this reason, the crystal distribution of 

ferritin showed larger distribution compared with thaumatin crystallization. This result indicates that the diffusion of 

protein molecule is a significant parameter for controlling nucleation of protein by droplet-based microfluidics. 

 

Figure 2. Distributions of the number of protein crystals that appeared within droplets. 

(a) and (b) Distribution of the number of thaumatin crystals. Droplet sizes are (a) 200 µm, and (b) 500 µm, 

respectively. Lines and symbols represent Poisson distribution when mean number of the thaumatin crystals N were 

0.25 (200 µm), and 1.2 (500 µm), respectively. (c) Frequency of the number of lysozyme crystals that appeared after 

6 hr incubation. Droplet size is 200 µm. (d) Frequency of the number of ferritin crystals that appeared after 24 hr 

incubation. Droplet size is 360 µm. 

 

CONCLUSIONS 

In conclusion, we present an approach for single crystallization of protein by using droplet based microfluidics. 

In the case of thaumatin, lysozyme and glucose isomerase crystallization, a single crystal was obtained within 200 

µm and 360 µm droplets even with higher supersaturation. We also investigated the crystallization behavior of four 

model proteins to confirm the effect of protein molecular diffusion on crystallization. In the case of ferritin 

crystallization, the distribution of the number of ferritin crystal was larger compared with thaumatin crystallization. 

Moreover, when supersaturation is slightly increased, the distribution of the number of ferritin crystals shows larger 

distribution, too. These results indicate the capability of controlling the nucleation behavior of a protein by 

controlling not only the crystallization condition but also the droplet size. Consequently, we consider that single 

crystallization or decoupling protein nucleation and crystal growth are easily achieved by controlling droplet size.  
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COMPUTER AIDED MICROFLUIDICS (CAMF) – HIGH-RESOLUTION  
PROJECTION LITHOGRAPHY FOR THE RAPID CREATION OF 

LARGE-SCALE MICROFLUIDIC STRUCTURES  
Ansgar Waldbaur, Bernardo Carneiro, Paul Hettich, Bastian E. Rapp 

Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Germany 
 
ABSTRACT 
   In this work we introduce CAMF, a process that allows the creation of a physical microfluidic structure from a 
conceptual block drawing (similar to an electronic circuit diagram) within a few hours. This paper describes the 
physical creation of a microfluidic chip via maskless lithography based on a digital mirror device (DMD) from 
digital 3D models created automatically with custom-written software.  
 
KEYWORDS 
Microfluidics, lithography, rapid prototyping,   
 
INTRODUCTION 

As of today the most commonly used technique for the prototyping of microfluidic structures is their creation in 
thick layer resists such as SU-8. Such structures are then either used directly in microfluidics or they are replicated 
by casting (e.g. using polydimethylsiloxane, PDMS). Therefore casting and direct lithography can be considered the 
most important techniques in microfluidic prototyping. This classical approach has two major disadvantages. First, 
the creation of the layout is often burdensome busywork. Second, a change in the microfluidic layout usually 
requires the creation of a new mask which increases both costs and concept-to-chip times. As a solution to this, we 
implemented a 3D computer aided design (CAD) capable framework that allows the rapid generation of digital 
three-dimensional microfluidic structures from a conceptual block drawing (similar to an electronic circuit diagram) 
within a few hours. These models are directly parsed by software and processed by a custom-designed DMD based 
projection lithography system for maskless lithography. Changes in the microfluidic design can therefore be 
implemented within a very short timeframe with minimal costs as only changes in digital layouts are required and no 
intermediate masks need to be created. 

 
EXPERIMENT 

The process described in this work is termed Computer Aided Microfluidics (CAMF). It is suitable for enhanced 
microfluidic system prototyping reducing the design process to the mere creation of a functional block diagram from 
which the physical structure can be created within a few hours by means of a custom-designed maskless projection 
lithography system. The software used in this process (the so called CAMF builder) is custom-written and allows the 
user to compose a microfluidic system as a combination of different microfluidic components (such as different 
types of mixers, reaction chambers, valves, etc.) selectable from an expandable library of parameterized digital 
microfluidic models and arranged in drag-and-drop style. Each model is described by means of parameterized 
extensible markup language (XML) based template. Figure 1 shows an example in form of a Tesla-mixer model 
together with the parameters (red lines). Setting the parameters allows the CAMF builder to resolve the individual 
points of the structure (displayed in light blue) and therefore to create the 3D model. 

 

 
 

Figure 1: View of the CAMF builder software and of an exemplary microfluidic model (in this case a Tesla-mixer 
structure). a) The 3D-preview window of the CAMF builder allows viewing and rotating of the structure. The CAMF 
builder allows various parameters to be set on the model (in this view, the parameters have been highlighted by red bars 
and the input fields on the sidebar have been labeled accordingly). The user can assign physical distances to the 
parameters which allows the CAMF software to calculate the structure accordingly. The model itself is described in 
form of an XML file which relies on points (in this view highlighted by light blue points) that are interconnected by 
lines or curves. The points can be described by means of formulas using the parameters as variables. b) View of several 
versions of the Tesla-mixer model created with different parameters 

a)                                              b) 
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The data created by the software is directly translated to a custom-designed maskless lithography system (as 
opposed to classical mask based lithography) based on a DMD (figure 2) [1]. These devices consist of thousands of 
individually addressable micro mirrors which can be tilted to an on- or off-state. To have maximum flexibility, we 
use a broadband high-pressure mercury lamp as light source, filtered to the wavelength required for each individual 
application. Thus the wavelength can be chosen according to the application and the system is not strictly limited to 
UV-sensitive resists only, but ranging from protein patterning [1] to the polymerization of custom-made resists [2].  
 

 

 
 

Figure 2: Schematic view of a maskless lithography system (a) and its actual setup (b). Collimated filtered light is 
translated to a projected image by the digital mirror device (DMD) by setting the mirrors accordingly. Depending on 
whether the respective pixel is in the on- or off-state, light is either deflected to a light dump or projected onto the 
substrate through the projection optics creating either a dark or a bright pixel. The system is controlled by the 
custom-written software that directly parses digital monochrome bitmaps preferably created by the CAMF builder 
from digital 3D models or in any digital image format (e.g. by Photoshop or Windows Paint). 

 
 
Because this technique illuminates an area of ~2.0 × 2.5 mm² as opposed to illuminating one pixel per time, it is 

also much faster than laser writing and other direct structuring techniques. Stitching images together by means of an 
x-y-stage allows a chip of 40 × 30 mm² lateral size to be created. The individual images projected are demagnified 
by means of an inverted microscope optics resulting in pixel size of 2.5 µm with a total of 200 megapixels structured. 
Figure 3 shows a cascading Tesla-mixer structure created by the CAMF within a few hours. Figure 4 shows the chip 
in use as a gradient mixer. Besides models created by the CAMF builder, the software can read any digital image 
format (even simple bitmap files) which allows a wide range of applications [1]. 

 
 

 
 

Figure 3: a) A cascading Tesla-mixer structure (created in digital 3D CAD by the CAMF builder, see figure 1) 
replicated from a lithographically structured SU-8 master. The master was created within one hour using the DMD 
based lithographic system. b) Microscope image of one Tesla-mixer.  

 
 

a)                                               b) 

100 µm
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Figure 4: Cascading Tesla-mixer structure created by CAMF (3D model created by the CAMF builder), physical 
structure created by replication from an SU-8 master. The mixing is illustrated by using water with blue and yellow 
dye. The total process (from concept of the chip to running the actual experiment) took less than seven hours. In this 
early stage of the setup, one can see trapped air inside the channels. 
Inlay (a) shows the principle of a gradient mixer: two different samples are injected, split and mixed. The outer 
channels guide unmixed liquids, while in between each step of the gradient mixer adds another level of mixture. 
Inlay (b) shows the gradient of mixed liquids inside the microfluidic chamber. 
 

 
We will show that CAMF is the preferred method to create microfluidic structures of several cm² lateral size with 

micrometer resolution within a day resulting in extremely short concept-to-chip times. This will significantly speed 
up microfluidic device prototyping allowing an experimental turnover unmatched.  
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ABSTRACT 
    We developed a strong bonding of glass nanofluidic chips at room temperature (RT) in ambient air, overcoming 
the strict requirements for glass fusion bonding conventionally performed at extremely high temperature (~1,000 °C) 
in vacuum. 
 
KEYWORDS 
Bonding, Glass, Room-temperature, Plasma, Nanofluidic  

 
INTRODUCTION

Nanofluidics is considered to be a promising solution to applications in areas of separation, sensing, and 
detection of molecules at the single-molecule level [1]. Among various microchip materials, glass is the leading, 
ideal, and unsubstitutable material for the fabrication of nanofluidic chips, owing to the well-established 
nanochannel fabrication technology in 2-dimentional nanoscales with high resolution, reproducibility, and flexibility. 
However, extremely high temperature (~1,000 °C) and a vacuum condition are usually required in the conventional 
glass fusion bonding process, making it impossible to integrate functional parts such as electrodes, sensors, and 
optical and biological units into the chip and consequently greatly restricts the application of nanofluidics. We have 
reported a direct bonding of fused silica glass nanofluidic chips at low temperature, around 200 °C in ambient air, 
through a two-step plasma surface activation process which consists of an O2 reactive ion etching plasma treatment 
followed by a nitrogen microwave radical activation [2]. Herein, we further report an improved direct bonding 
method using an O2/CF4 gas mixture plasma surface activation (Figure1) by which a room-temperature (RT, 25 °C) 
bonding of glass nanofluidic chips was realized. 

 
EXPERIMENTS 

The fluorine containing plasma activation for substrate surfaces was performed using a plasma chamber equipped 
with reactive ion etching (RIE) plasma source (Figure 1). An ion-trapping metal plate with hundreds of 
through-holes (1-mm diameter) is installed to separate the plasma chamber into two compartments. The RIE plasma 
is generated by discharging the ion-trapping metal plate and the radio frequency (RF) electrode at the bottom 
compartment. The pressure of vacuum background was about 0.1 Pa achieved by a dry pump. Keeping a pressure of 
50 Pa, the fluorine containing plasma was generated by the mixture of oxygen and CF4 gas. The gas flow of O2 was 
fixed with 500 sccm and CF4 gas flow is adjustable in the range of 0–5 sccm so that the fluorine concentration in the 
plasma gas can be properly controlled. The frequency of RF discharge is 13.56 MHz and the discharge power is 200 
W. Both substrate surfaces were then treated with (O2 + CF4) plasma for 60 s. 

 

(O2 + CF4)(O2 + CF4)

ExhaustExhaust
13.56MHz    
Radio Frequency

Matching 
Box

Sample Electrode

Glass plateIon trapping plate

RF Plasma

 
 

Figure 1. Schematic diagram for reactive ion etching (RIE) plasma system. (O2 + CF4) mixture gas was introduced 
into the chamber with a pressure of 50 Pa. 
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After treatment, the two treated substrates were unloaded from the plasma chamber and exposed to air. Then they 
were brought into contact at room temperature under hand-applied pressure in a clean room environment. The 
preliminary bonded substrates were rolled under 20 kgf from the center of the substrates to the left side and then to 
the right side with a speed of 2 mm s−1 in air with a rolling machine (VE-99-11, Ayumi Co., Himeji, Japan) to 
remove the trapped air across the interface. The bonded substrates were stored in air ambient for 24 h at room 
temperature without heating. To evaluate the bonding strength of the bonding, the surface energy of bonded 
substrates was measured using the crack opening method [3], which is a widely used method to evaluate bonding 
strength. 

Nanofluidic chips (Figure 2b) with two side microchannels bridged with 5 parallel nanochannels (400 nm in 
depth and 10.37 μm in width) were fabricated on glass substrates for further evaluation of bonding under nanofluidic 
conditions. The fabrication of nanofluidic chips has been described previously [2]. The nanofluidic chips were 
finally bonded according to the RT bonding process aforementioned. Air was pressurized into the sample solution 
(sulfo-rhodamine B solution, 50 μM) from the inlet using the air pressure controller, and the sample solution in the 
sample vial was delivered to one side of the microchannel from the outlet of the vial. After the stopcock connected to 
the other side of this microchannel was closed, the sample solution inside the microchannel could be introduced into 
the nanochannels via pressure-driven flow (Figure 2a). By observing the fluorescence of the sulfo-rhodamine B in 
the nanochannels using the fluorescence mode of an inverted microscope (IX71, Olympus) with a high-resolution 
charge-coupled device camera (Retiga EXi, QImaging), the leakage was evaluated between nanochannels at different 
applied pressures. 
 
RESULTS 

The relationship between plasma parameters and the bonding energy was investigated. Under an optimal plasma 
condition, 200 W plasma power and O2/CF4 = 500 sccm/0.5 sccm, bonding with a high bonding energy of 1.12 J·m−2 
is realized (Table 1). Further, the RT bonded nanofluidic chips, could work without leakage during sample liquid 
(sulfo-rhodamine B as an example) handling driven by air pressure even at least 2.5 MPa (Figure 2c), an extremely 
high pressure which can meet the requirement of the fluid operations of various nanofluidic applications such as 
sample injection of a nanochannel chromatography. 

 

 
 
 

Pressure controller
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Figure 2. (a) Schematic illustration of the air pressure based liquid introduction system for (b) a nanofluidic chip 
with two side microchannels bridged with 5 parallel nanochannels (400 nm in depth and 10.37 μm in width). (c) A 
fluorescence picture of the nanachannel area of the RT bonded chip when introducing a sulfo-rhodamine B solution 
at a pressure of 2. 5 MPa; based on checking the fluorescence in the nanochannel area, non-leakage during the liquid 
introduction was confirmed. 

Table 1 Approximate average bonding energy (J·m−2) of glass substrates bonded at RT under different plasma 
conditions with different (O2 + CF4) gas compositions. 

O2 flow rate 

(sccm a) 

CF4 flow rate 

(sccm a) 

atom concentration of 

fluorine (%) 

approximate average bonding energy  

(Jm−2) b 

500 0.0 0.0 0.85 

500 0.5 0.2 1.12 

500 1.0 0.4 0.98 

500 5.0 2.0 0.74 
a sccm: standard flow, standard cubic centimeters per minute; 1 sccm= 1 mL/min. 
bThe bonding energy of the bonded substrates was characterized using a crack-opening method [3], which is a 
widely used method to evaluate the bonding. 
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CONCLUSIONS 
A method of bonding of glass nanofluidic chips at room temperature (RT) in ambient air was developed. The RT 

bonding method not only is simple, low energy consumption and ecological but also could make it possible to 
integrate various functional elements especially biological molecules such as protein and DNA arbitrarily into aimed 
areas in a nanochannel before bonding, which is always expected but difficult to realize with conventional methods. 
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FLEXIBLE AND FREE-STANDING POLYMERIC MEMBRANES WITH 
MULTI-DIMENSIONAL PORES FOR A MICROFLUIDIC APPLICATION  

Hyesung Cho1, Hyeoncheol Park1, Jun Soo Kim1, Hosup Jung1, and Kahp-Yang Suh1

1Seoul National University, Korea 

ABSTRACT 
    We present a simple yet robust method for fabrication of polymeric multiscale stencils having 
multi-dimensional pores. The key idea of our approach is to use a hierarchical structure as a stamp for the fabrication 
of multi-dimensional pores in flexible and free-standing polymeric membranes. The polymeric membranes presented 
here are highly flexible yet sufficiently robust so that they can be firmly free-standing and bend well without 
structural collapse. As a unique application of the polymeric multiscale stencils, we demonstrate a uniform synthesis 
of lipid vesicle in various sizes by simply integrating the polymeric membrane in a microfluidic channel.  

KEYWORDS 
Multi-dimensional pores, Polymeric membranes, Lipid vesicle 

INTRODUCTION 
Free-standing nanomembranes have been fabricated from various materials, such as Si-based inorganics [1] and 

thin metal foils [2] for use in a wide range of applications, such as the shadow masking technique, plasmonics, and 
bio-inspired microfluidic devices [3]. To fabricate free-standing nanostencils (nanomembranes with ordered 
nanopores), a series of standard semiconductor processes and/or specific materials having relatively stiff mechanical 
rigidity are required to maintain the nanostencils’ shape firmly without mechanical fracture or tear against external 
forces that arise during the handling process. In contrast, elastomeric polydimethylsiloxane (PDMS) membranes 
with micropores (> 5 m) have been made by spin-coating and replica molding PDMS onto the micropillar arrays. 
With the increasing demand for miniaturized devices, approaches have been developed to reduce the aperture size in 
polymeric membranes. However, polymeric nanostencils have rarely been reported because they are required to be 
“free standing” and “residual-layer-free” which are difficult to achieve with existing polymers. Specifically, the low 
elastic modulus of the polymers causes tears and defects in the nanopore arrays during the manufacturing or 
handling process. It is also not easy to remove the residual layer to produce clear through-holes; thus, additional 
etching or specific skills are required. To address some of these challenges, we present here a new type of 
free-standing polymeric membrane with multi-dimensional pores by simple dewetting assisted molding process with 
hierarchical stamps. In particular, detailed chemical and mechanical analyses were performed to verify the 
spontaneous dewetting behavior of the UV-curable resin that occurred during the fabrication of the 
multi-dimensional pores. Furthermore, we propose a new fabrication method for uniform synthesis of lipid vesicles 
by simply integrating the polymeric membrane in a microfluidic channel. 

EXPERIMENT 
The multiscale structure has two distinct functions that allow it to be used as a mold for the fabrication of 

multi-dimensional pores in a flexible and free-standing polymeric membrane: i) the mold is capable of forming 
uniform contact with the blanket, which is analogous to the geometric effect of a hierarchically organized gecko foot 
hairy structure; and ii) the hierarchical mold allows for the direct integration of a seemingly fragile nanopores on a 
microscale backbone without a residual layer in a single molding step.  

Figure 1. Dewetting-assisted fabrication of multi-dimensional pores on a polymeric hierarchical mold 

As described in Fig. 1, a relatively hydrophilic polyurethane acrylate (PUA) or Norland Optical Adhesive (NOA) 
resin was drop-dispensed and back-filled into the hydrophobic perfluoropolyether (PFPE) hierarchical mold, and the 
spontaneous dewetting of the PUA resin occurred within the sandwich-like assembly between a flat PFPE blanket 
and the PFPE mold. Here, a fully dewetted surface of the PUA with through-holes and exposed PFPE pillar arrays 
was generated after photo-polymerization under a slight pressure. The two materials could be swapped to obtain a 
similar dewetted PFPE surface within a PUA sandwich assembly without noticeable structural differences.  
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Figure 2. Chemical and mechanical mapping images of dewetting surfaces on hierarchical molds 
 
To further probe the dewetting interface of the two polymers (PUA and PFPE), detailed chemical and mechanical 

mappings were performed using time-of-flight secondary ion mass spectrometry (TOF-SIMS) and the force 
modulation microscopy (FMM) mode in atomic force microscopy (AFM). The former provides a spatial distribution 
of each material at the microscale, while the latter shows the rigidity distribution at the nanoscale. When the Bi+ ion 
beam was irradiated on the dewetting surface, singly charged secondary ions were easily detected and counted in the 
TOF-SIMS analysis. The two polymers released specific singly charged ions as material indicators for the chemical 
mapping of the dewetting surfaces, such as H- ions from the PUA surface and F- ions from the PFPE surface. After 
scanning 50 times and counting the number of ions, two kinds of dewetting surfaces (PUA/PFPE, PFPE/PUA) were 
imaged successfully in red (H-) and green (F-) (Fig. 2a-b). Because the two chemical maps are complementary, the 
line scan profiles along with the white lines (AA’ and BB’) show the measured sinusoidal curves, providing the 
spatial distributions of the two materials at the microscale (pillar diameter: ~ 5 µm). In parallel, the nanoscale 
distribution obtained from a hierarchical mold (diameter: 150 nm, height: 200 nm) can be measured by AFM 
topography and the FMM amplitude modes (Fig. 2c-d). The heights of the PFPE and PUA nanopillar array exposed 
on the dewetting surface were ~ 8 nm on the PUA and ~ 30 nm on the PFPE, respectively. Mechanical mapping 
using FMM is reliable because the exposed PUA or PFPE pillars affect the bending amplitude of the AFM tips in the 
FMM mode, depending on the difference in the Young’s modulus of each polymer (PUA: 320 MPa, PFPE: 10.5 
MPa). As shown in Fig. 2d, the differences in the FMM amplitude on the dewetting surface were ~ -80 nm and ~ 
+50 nm from top to valley, respectively. The most significant finding obtained from the FMM analysis was the 
relatively high exposed height of the PUA nanopillar in the topography (30 nm, Fig. 2c), which was caused by the 
difference in the dewetting and shrinkage of the UV-curable resin. Consequently, the final thickness of the 
nanomembranes in the PFPE membrane after peel-off process was approximately 170 nm, despite the 200-nm height 
of the nanopattern on the original PUA hierarchical mold. 

 

 
 

Figure 3. SEM and digital images of polymeric membranes with various sizes of multi-dimensional pores 
 
By peeling the dewetted polymer layer from the hierarchical mold, we obtained multi-dimensional pores in 

flexible and free-standing polymeric (PUA or PFPE) membranes (Fig. 3a). To visualize the formation of the clear 
through-holes, the sample was seen from the top and bottom views: an array of 5-µm pores was directly observed 
from the top, while the same array was also observed through the supportive backbone, which featured 150-µm 
pores from the bottom. The micro mesh-like backbone plays a role in both increasing the total thickness of the 
polymeric stencil and decreasing the overall area of the nanostencil, which leads to the increase in effective modulus. 
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The polymeric membranes presented here are highly flexible yet sufficiently robust such that they can be firmly 
free-standing and bend well without structural collapse. As shown in Fig. 3d, a PFPE membrane with a pore 
diameter of 800 nm was formed on a microstencil support of 150 µm pores. The number of defects formed in the 
nanostencils (< 1 µm) during the peeling-off process was minimal because the hydrophobic, flexible PFPE resin 
allowed for the successful demolding of the dewetted membranes after photo-polymerization from the PUA 
hierarchical mold without mechanical fractures, even with the extremely small nanopores (450 in Fig. 3b and 150 
nm in Fig. 3c). In addition to the circular arrays, other supporting backbones with different shapes such as square and 
rectangular patterns were also possible to fabricate (Fig. 3a-c). The through-holes (150 nm diameter) on a 
rectangular pattern of PFPE membrane (60 × 250 µm2) were clearly detected via transmission electron microscopy 
(TEM) image as shown in Fig.3c. 

 

 
Figure 4.  Schematic illustration of the synthesis of lipid vesicle in a microfluidic system with polymeric stencils 
 
As a unique application of the polymeric membranes with ordered pores, we demonstrate uniform synthesis of 

the lipid vesicle by simply utilizing the hydrophilic polymeric stencil in a microfluidic channel to control nanoscale 
diffusion of molecules (Fig. 4a). In this experiment, specific iso-propyl alcohol (IPA) solution with 1 mM of lipid 
molecules (10, 12-Pentacosadiynoic Acid, PCDA) was introduced continuously to the inlet, while amount of 
phosphate buffered saline (PBS) was introduced via the polymeric stencil having 5-µm pores by two individual 
syringe pumps. Due to rapid change of the concentration in the IPA solution near the pores, lipid vesicles are 
uniformly synthesized in the microfluidic channel simply. Our result shows that the distribution of the diameter via 
pore-based system is more skewed and uniform (mean diameter: ~ 150 nm) compare to the conventional method by 
rapid mixing. The membrane is highly robust so as to endure the pressure of fluid in microfluidic channel, thus 
enabling hydrodynamic multi-focusing of the introduced PBS at each pore successfully without any tear or failure of 
the membrane. The stencil-based system could open up a wide range of microfluidic applications with further 
modification. 
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SURFACE TREATMENTS OF SOFT MOLDS FOR HIGH ASPECT RATIO 
MOLDING OF POLY-PEGDA 

David Castro, David Conchouso, Yiqiang Fan and Ian G. Foulds 
King Abdullah University of Science and Technology (KAUST), Saudi Arabia 

ABSTRACT 
This paper looks at surface treatments for Polydimethylsiloxane (PDMS) soft molds for cured Poly(ethylene) glycol 

diacrylate (Poly-PEGDA) to increase reliability of mold filling and decreasing mold permeability. Contact angle of 
uncured PEGDA on the different mold treatments (deep UV exposure, oxygen plasma and Parylene-C coating) was 
measured. Out of these, Parylene-C showed to have a good compromise between improved mold filling and durability. 
Our method allows for the creation of high aspect ratio structures (in excess of 10:1) as well as enclosed microfluidic 
channels. 

KEYWORDS 
Poly-PEGDA, PDMS, Parylene C, High Aspect Ratio. 

INTRODUCTION 
Interest in using polymers to fabricate microfluidic devices has increased in the past decade for their ease of 

fabrication, favorable mechanical and optical properties, low cost and biocompatibility, for applications such as chemical 
and biological assays [1][2]. 

Cured Poly(ethylene) glycol diacrylate (Poly-PEGDA) is a promising material as an alternative to the popular PDMS, 
and has been shown to have good optical properties, good water stability, and lower nonspecific adsorption than 
PDMS[3]. Another advantage of this material is its greater stiffness that contributes to micro channels with a better 
dynamic response due to a reduced hydraulic capacitance. Poly-PEGDA has also been shown to be biocompatible 
provided adequate fabrication procedures are followed [4]. 

Poly-PEGDA has not been widely explored as a structural material for microfluidic devices. Simple Poly-PEGDA 
straight microfluidic channels were demonstrated using rigid molds by Rogers et al.[3]. Previous work has also been done 
by Yue’s group, demonstrating both high aspect ratio structured surfaces and soft mold surface treatment to improve mold 
durability[4][5]. They find the curing process leaves uncured residue, which can cause mold degradation, so they propose 
a hydrophobic surface treatment to minimize its effect; however, they did not provide measurements of the wettability of 
the PEGDA resin on the mold after surface treatment. We explored surface treatments that seek to increase the wetting 
properties of the mold to PEGDA and thus improve mold filling, while at the same time decreasing the permeability of the 
PDMS mold to improve durability. We also provide contact angle measurements of PEGDA on our treated molds.   

Figure 1: Fabrication process. a) A Si master is etched using DRIE. b) PDMS soft mold is then cast over master. c) 
Surface treatment. d) Liquid uncured PEGDA is poured into mold. e) Compression between two glass slides and 
UV exposure. f) Partially cured PEGDA is then peeled off. g) A second layer of partially cured PEGDA (a-f) is 
brought into contact and compressed between two glass slides followed by a UV exposure step. h) Final 
microfluidic device.
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FABRICATION 
We follow the optimized formulation for Poly-PEGDA proposed by Rogers [3], comprised of 99.9% 258 PEGDA 

with 0.1% 2,2-dimethoxy-2-phenylacetophenone (DMPA) as photoinitiator. This formulation has good water stability, 
optical quality, and some mechanical flexibility.  

As purchased, the liquid polymer is mixed with 100 ppm of Monomethyl Ether of Hydroquinone (MEHQ) as a 
polymerization inhibitor for storage, which was removed by using commercially available inhibitor removing columns 
(Sigma Aldrich product number 306312). 

The fabrication process of our samples is summarized in Figure 1. First, a master was fabricated on a silicon wafer 
using Deep Reactive Ion Etching (DRIE, C4F8 and SF6 cycles @ 0.48µm/cycle up to 50 µm deep). A PDMS soft mold 
was formed out of the silicon master (with 10:1 ratio of base to curing agent) and then surface treated. Next, the mold was 
first filled with liquid PEGDA, carefully compressed between two glass slides to avoid trapping of air bubbles, and then 
exposed using a UV light box (7 mW/cm2). To produce fully cured devices, a 30 minute exposure was sufficient. If 
bonding was required, samples were underexposed (5 minutes) leaving them purposely undercured. The samples were 
then removed from the mold and rinsed with isopropyl alcohol. For bonding, two undercured films were brought into 
contact, compressed by two glass slides and further cured. 

The molds were subjected to three different surface treatments: oxygen plasma (70 W, 5 min), Parylene C coating 
(200 nm thick) and deep UV exposure (254 nm wavelength for 40 minutes). The contact angle of a 25 µl drop of liquid 
PEGDA on each of the surfaces was measured using a goniometer (KRÜSS DSA100), Figure 2. A decrease in the contact 
angle means an increase in wettability, which results in an easier filling of the mold cavity.  

 
RESULTS AND DISCUSSION 

Arrays of different sized circular columns and holes were successfully fabricated in Poly-PEGDA to test the quality of 
pattern transfer and ability to create high aspect ratio structures, with diameters ranging between 100 µm to 5 µm. Several 
patterns with different sized features were fabricated, small and high aspect ratio features were successfully reproduced, 
with excellent master pattern transfer, as shown in Figure 3a.  

During the fabrication of the silicon master, the cylinders produced were not perfectly straight but instead had tapered 
sidewalls and ridges due to the DRIE Bosch process. Therefore our structures are of smaller diameter at the base than at 
the top end, which contributes to a higher aspect ratio (in excess of 10:1). These structures as well as the DRIE ridges are 
faithfully reproduced by the Poly-PEGDA replicate, which demonstrates its sub-micron precision.  

Enclosed microfluidic channels were made using the fabrication method shown in Figure 1. A patterned bottom layer 
and a top unpatterned layer were cast separately, leaving them undercured (5 minutes), brought together in close contact, 
clamped and fully cured. Ports were attached to the finished device and connected to a syringe pump. An example of one 
of such devices is shown in Figure 3b.  

One of the advantages of using soft molds when working with cured PEGDA can be noticed during the demolding 
step. It allows for a much easier removal of the replicate, which results in an increased yield, as the chances of damaging 
either the mold or the replicate are reduced. The flexibility of the mold also allows the creation and release of structures 
with negative sidewalls, as seen in Figure 3a. Another advantage is the fact that the original silicon master can be used to 
generate several molds, both allowing greater parallelization and protection of the master, which in our case was 
produced by more complex lithographic steps.  

The molds needed to be carefully handled when filling with the liquid PEGDA. At the step when the mold is 
compressed between two glass slides, it is important to make sure that no large air bubbles are trapped underneath the 
glass to ensure good results.  

 

 

Figure 2: Contact angle of 25 µl drop of un-cured PEGDA (mean with error bars showing standard deviation) 
on PDMS with different surface treatments, with inset goniometer photographs. 
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Having small air bubbles trapped between the mold features is also a common problem during mold filling, which 

affects the pattern transfer negatively. Without surface treatment, a degassing step is necessary prior to the exposure to 
ensure complete filling, however a treatment that increases the wettability on PEGDA the mold facilitates filling and 
reduces the need for a degassing step. 
 
CONCLUSIONS 

As shown by our cylindrical patterns, casting of Poly-PEGDA on soft PDMS molds can produce an excellent pattern 
transfer, faithfully reproducing sub-micron features, and is capable of high aspect ratio structures (in excess of 10:1). 

The Parylene C coating proved to produce enough increased wettability to improve mold filling, while also providing a 
more robust and longer-term solution than oxygen plasma, with excellent step coverage. No degradation of the molds was 
observed on the large structures (100 - 20 µm diameter pillars, microfluidic structures) after several uses. However, 
because of the obvious fragility of the high aspect ratio pillars (5 - 10 µm diameter), degradation on these structures was 
apparent after a few uses. 

This work showed the first process for creating both high aspect ratio structures and enclosed channels in 
Poly-PEGDA.  The use of soft molds allowed for easy demolding, and a Parylene C coating was shown to improve the 
wettability of PEGDA on the mold and improve mold filling. Poly-PEGDA’s low nonspecific adsorption and favorable 
optical qualities make it an interesting material to be used for microfluidic devices, and we have presented a fabrication 
process that achieves this.  
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Figure 3: a) SEM photographs showing comparison between Silicon master and Cross-linked PEGDA. Top Row: 
Low aspect ratio structures, 50 and 100 µm diameter, 50 µm height. Original silicon master (left), cured PEGDA 
replicate (right). Bottom Row: High aspect ratio structures, 8.5 µm diameter at tip, 3.5 µm diameter at base, 50 µm 
height. Original silicon master (left), cured PEGDA replicate (right). b) Enclosed microfluidic device, showing 
tracer fluorescent flow (top) and SEM photograph (bottom). 

a)                                b)                                  
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ABSTRACT 

Fine, high aspect ratio, and smooth surface micropillars, which never realized by conventional hot-embossing 
fabrication method, were fabricated on poly(methyl methacrylate) (PMMA) substrates by reactive ion etching (RIE).  
The separation ability of PMMA micropillars for microbeads as pseudo erythrocytes and leukocytes are comparable 
to Si micropillars, while the features of PMMA are superior to Si in terms of disposability, cost, and surface 
treatment. 
 
KEYWORDS 
Poly(methyl methacrylate)(PMMA), Reactive Ion Etching, Micropillars, Separation, Blood cells.  
 
INTRODUCTION 

PMMA is one of the most widely explored biomedical materials because of its biocompatibility, and recent 
publications have shown an increasing interest in its applications as microfluidic devices. In comparison with other 
materials, PMMA has advantages in high light permeability, low cost, easy disposability, and mass production. But 
the fabrication method of PMMA substrates was mainly hot-embossing, by which it is difficult to fabricate fine 
structure with high aspect ratio. In this study, we demonstrated the fabrication of PMMA micropillars by RIE. This 
method is possible to realize fine, high aspect ratio, and smooth surface microstructures. 

Furthermore, it is beneficial that a microfluidic device, which can separate erythrocyte, leukocyte, platelet, and 
plasma only from a drop of whole blood. Because these blood components are different diagnostic indicators of 
disease, these type of separation devices with parallel detectors help us to improve the quality of examination and 
diagnostic via a development of such microfluidic devices. 

So we attempted to separate microbeads as pseudo erythrocytes and leukocytes using our PMMA micropillars 
device by reactive ion etching, and the fabrication contributes to the device with high feasibility for early diagnostics, 
prevention because of the fine structure, disposability and cost and surface treatment. 
 
FABRICATION 

Our RIE fabrication made it possible to 
control desirable size and shape. The 
fabrication method shows Figure 1. For the 
fabrication of micropillar devices, 100 nm 
titanium layer as a mask for following RIE was 
deposited on PMMA substrate, and then 
positive-type photoresist was coated on the 
substrate by a spinner. After UV irradiation by 
a contact mask aligner, the titanium layer was 
etched by CF4, and then, PMMA substrate was 
etched by O2 gas; etching rate is 1m/min 
(Figure 2). The patterned substrate and 
non-patterned substrate which has inlets and 
outlets holes were bonded each other at 90°C 
and 6.5 Nm for 10 min after ozone treatment 
for 1 hour. 

This method can fabricate smooth surface 
and high aspect ratio micropillars not by 
hot-embossing which is conventional 
fabrication method for polymer resin substrates. 
As pattern is microscopic or high aspect ratio 
by hot-embossing, the resin softened by heating 
can not fill up mold patterns. Furtherrmore our 
method don’t need a mold, and can quick etch 
substrates because of 1 m/min etching rate. 
 

Figure 1. PMMA devices were fabricated as follows; (a) 
photolithography, (b) titanium layer etching with CF4 (30 
sccm) plasma for 3 min, (c) PMMA etching with O2 (30 sccm) 
and Ar (5 sccm) plasma for arbitrary time, and (d) stripping 
with  1% HF for 1 min, (e) the patterned and non-patterned 
substrate were bonded each other 90°C and 6.5 Nm for 10 min 
after ozone treatment for 1 hour. 

Reactive ion etching(RIE) 
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DESIGN 

Our design of entire channel shows Figure 3(a). There are micropillar arrays in the main channel. We performed 
the separation ability of micropillar arrays on Deterministic Lateral Displacement (DLD) [1]. We attempted to 
separate 6 m and 10 m polystyrene beads as pseudo erythrocytes and leukocytes, respectively. Diameter of 
micropillars, gaps between them, angle of micropillar array, and the mechanism of DLD are shown in Figure 4. 
Large particles move along the micropillars array, while small particles move to the direction of flow and passed 
between micropillars. Recovery port is provided at the destination using this phenomenon, the movement of each 
particle size, were separated and collected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESULTS AND DISCUSSION 

We fabricated PMMA micropillars in channel by the RIE fabrication. The micropillars have smooth surface. This 
micropillar has etching wall in a vertical direction without underetching like wet etching. Although conventional 
hot-embossing fabrication method is of utmost difficult to realize high aspect ratio and fine pattern microfabrication, 
our PMMA micropillars by RIE fabrication method makes smooth surface, high aspect ratio, and fine pattern 
fabrication possible. Furthermore etching rate of the RIE fabrication method is 1 m/min, so we can control the 
depth of micropillar. 

Next, we discuss about separation ability of PMMA micropillars for microbeads as pseudo erythrocytes and 
leukocytes. Beads suspention and water were introduced from different inlets to maintain laminar flow (Figure 4(a)), 
and images of fluorescent trajectories of 6 and 10 m beads at each position are shown in Figures 4(b) and (c). In 
comparison of displacements for 6 m beads with those for 10 m beads, we observed a clear difference in 
displacement of them at the end of micropillars area. 6 m beads flowed straight direction without being affected by 
micropillars, whereas 10 m beads were forced by micropillars and becoming laterally displaced. Fluorescent 
intensities of 6 m and 10 m beads at the end of micropillars area shows Figure 4(d) and Figure 4(e), respectively. 
Two recovery ports are provided at the destination for separated particle after passing through micropillars. As we 
observed each particle in the branching point of recovery ports, 80% of 6 m beads entered the left recovery port, on 
the other hands, 90% of 10 m beads entered the right recovery port (Figure 4(f)). So these smooth surface, high 
aspect ratio micropillars acted in the mechanism of DLD, and successful separation microbeads as pseudo 

Etching rate 
1 m/min 

Figure 3(a) Entire channel design. (b)Principle of separation 
mechanism by a micropillars array.Red and green particles are 6 
and 10 m beads as pseudo erythrocytes and leukocytes, 
respectively. 10 m beads move along the micro-pillar array, and 
6 m beads move to the direction of flow by passing through the 
micropillar array. 

3(a) Entire channel design. (b)Principle of separati

15 m 

30 m 

(a) (b) 

2 mm 

Figure 2. Time versus etched depth of PMMA substrate. Etching rate was 
estimated 1 m/min from the linear relationship between and etched depth. 
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erythrocytes and leukocytes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Flow direction was from top to bottom. (a) The micropillars area is 2 cm long and 2 mm wide. Beads 
suspention flowed from one-side inlet, water flowed from the other inlet to make laminar flow. Fluorescent 
trajectories of (b) 6 and (c) 10 m beads were observed at each yellow boxed section. As 10 m beads flowed to the 
down stream, they were laterally displaced by the micropillar array. Fluorescent intensities of (d) 6 and (e) 10 m 
beads at the 2 cm point from junction. The displacement distance between 6 and 10 m beads was about 1 mm from 
this graph. (f) Green, and red bar graph represented separation rate of 10 and 6 m beads in the branching point. 
80% of 6 m beads in A, 90% of 10 m beads in B. 
 
CONCLUSIONS 

We demonstrated fine fabrication with high aspect ratio, and smooth surface micropillars on PMMA substrates 
by RIE. The micropillars never realized by conventional hot-embossing fabrication method. The micropillars acted 
in the mechanism of separation based on mechanism of DLD, and successful separation microbeads as pseudo 
erythrocytes and leukocytes. The micropillars contribute to the device with high feasibility for early diagnostics, 
prevention because of the fine structure, disposability and cost and surface treatment. 
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Figure 1: Schematic representation of fluorine-induced room temperature 
bonding by RIE O2 plasma. 

DEVELOPMENT OF FLUORINE INDUCED PLASMA ACTIVATING 
ROOM-TEMPERATURE BONDING STRATAGE FOR HIGH-PRESSURE  

MICRO-NANO FLUIDIC DEVICES  

Kihoon Jang1, Chenxi Wang1,3, Yan Xu2, and Takehiko Kitamori1,3

1Department of Applied Chemistry, School of Engineering, The University of Tokyo 
2 Nanoscience and Nanotechnology Research Center, Research Organization for the 21st Century

3Japan Science and Technology Agency (JST), CREST

ABSTRACT 
    We developed room-temperature bonding of micro-nanofluidic device using fluorine induced plasma activation 
method. Fluorine was induced by O2 reactive ion etching (RIE) plasma treatment with Teflon Pieces which increased 
the bonding strength between fused silica glass substrates. The room-temperature bonded fused silica glass 
micro-nanofluidic device had high bonding strength as well as could work continuously without leakage during 
liquid introduction driven by air pressure even at 2000 kPa 

KEYWORDS 
room-temperature bonding, micro-nanofluidic device, fluorine induced plasma activation, bonding strength, Teflon 
pieces 

INTRODUCTION
Recently, interest in micro-nanofluidic systems has increased because of its broad range of applications, 

particularly for a higher level of performance such as synthesis, separation, sensing, and detection of single molecule 
level. To realize these performances, micro-nanofluidic systems and surface modification technique should be 
combined. However, it is very difficult to introduce high-molecular weight reagents such as biomolecule, polymer 
etc. for surface modification in extremely narrow space of nanochannels. Hence, it is necessary to establish 
biomolecule patterns on the glass surface before bonding. Although fused silica glass based micro-nanofluidic 
devices are suitable to carry out nanofludics, these devices need harsh bonding procedures using such as HF [1] and 
temperature as high as 1080℃ [2] to seal the device, which destroys any biomolecules immobilized prior to bonding. 
We have developed low-temperature, around 200℃, bonding of glass micro-nanofluidic chips using two-step plasma 
surface activation process including O2 reactive ion etching (RIE) plasma treatment and a nitrogen microwave 
radical activation in previous report [3]. The results indicated that the plasma activation contributed to increase the 
bonding strength between two glass substrates. Even though the micro-nanofluidic chip was bonded in 
low-temperature, around 200℃, still bio-molecules such as proteins, DNA, etc are not suitable for patterning prior to 
bonding. To solve these problems, room-temperature bonding process is indispensible to immobilize bio-molecules 
in safe. In previous report, small amount of carbon tetrafluoride (CF4) mixed with oxygen plasma treatment 
increased the bonding strength of Si/Si substrates in room temperature [4]. Based on this study, we developed a 
simple bonding method of fused-silica glass micro-nanofluidic device at room temperature through fluorine induced 
plasma surface activation process.  

EXPERIMENT 
The oxygen RIE plasma was generated by discharging the ion-trapping metal plate and the radio frequency 

electrode at the bottom compartment (Fig. 1). The gas was introduced into the plasma chamber at a pressure of 60 Pa. 
The cleaned fused silica substrates were placed into the lock chamber and then activated with an O2 RIE plasma at 
100-W or 250-W discharge power for 30 s. Teflon pieces were also included inside the plasma chamber which 
induced fluorine gas to activate the surface. The volume of Teflon was varied from 0 mm3 to 2000 mm3 and the 500 

N of pressure was given for 5 
min after attaching two 
activated fused silica glass 
substrates. The bonding strength 
of bonded substrates was 
measured by blade test based on 
previous report [2, 5], which is 
widely used method to evaluate 
bonding strength. A fused silica 
glass micro-nanofluidic chip 
was fabricated. The fabrication 
of chip containing micro and 
nanochannels has been 

demonstrated previously [5]. Nanochannels were fabricated on a fused silica glass substrate by electron beam (EB) 
lithography and plasma dry etching. Microchannels were modified on another fused silica glass substrate after a 
photolithography, plasma dry etching and then the substrates were dipped in mixed solution of sulfuric acid and 
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hydrogen peroxide (4:1) to remove organic residues on the substrate. Then, the substrates were washed by vigorous 
ultra-sonication in de-ionized water repeatedly. Two substrates were activated by plasma with Teflon pieces and 
bonded two substrates with two side microchannels bridged with nanochannels. Finally, 50 of sulfo-rhodamine 
B aqueous solutions were introduced into the micro-nanochannel and pressure was increased until 2000 kPa. The 
leakage was confirmed by fluorescence microscopy.    

 
RESULT 

Fluorine gas is known to increase the bonding strength of two silicon wafers in previous report [4]. We applied 
this strategy to our fused silica glass micro-nanofluidic chip bonding process. Oxygen RIE plasma was illuminated 
with Teflon inside the chamber to induce fluorine gas. Figure 2 show s the bonding energy of fused silica glass 
substrate bonding at different conditions of Teflon pieces during the plasma activation. For plasma surface activation, 
various volumes (0, 100, 200, 400, 600, 800, 1000, or 2000 mm3) of Teflon were used. O2 RIE plasma at 100-W or 
250-W discharge power conditions was used for room-temperature bonding. Firstly, at the condition of plasma 
100-W, the results of bonding strength were 0.46±0.14, 0.53±0.10, 0.79±0.03, 0.91±0.12, 0.84±0.03, 0.80±0.09, 
0.75±0.11, and 0.68±0.16, respectively. In case of plasma 250-W, bonding strength was 0.26±0.06, 0.39±0.06, 
0.83±0.08, 1.08±0.11, 0.79±0.07, 0.67±0.06, 0.60±0.06, and 0.48±0.04, respectively. The bonding strength was 
increased as the volume of Teflon increased. Which indicates that the induced fluorine on the substrates result in 
increasing of bonding strength. Teflon volume with 400 mm3 condition showed the highest bonding strength in both 
O2 RIE plasma 100-W and 250-W discharge power conditions. Induced fluorine by RIE plasma contributed to 
increase the bonding energy of the glass substrates (Fig. 2, 3). Nevertheless, the bonding energy was decreased when 
the volume of Teflon was larger than 400 mm3 because the induced fluorine on the surface resulted in hydrophobic 
surface which affected on the surface bonding condition. The trends observed in the experiments conducted for this 
study were similar to those of the hydrophilicity experiments (data not shown).  

Pressure driven method is one of the most widely used in micro-nanofluidic devices. Relatively high pressure 
condition with several hundred kilopascals is required for the introduction of solution since pressure drop and 
laplace pressure in nanochannels becoming quite high. To carry out the high pressure driven condition in 
micro-nanofluidic chip, relation between bonding strength and leak condition of micro-nanofluidic chip should be 
carefully confirmed. Which bonding condition of substrate is sufficient to a high pressure condition in 
micro-nanofluidic chips.  

The highest bonding condition was selected for bonding of micro-nanofluidic device based on bonding conditions 
in Figure 2. Micro-nanofluidic device was bonded at room temperature after plasma activation with Teflon volume 
of 400 mm3 condition (Fig. 4e). Microchannels and nanochanels were fabricated on each fused silica substrate, and 
the device included two side microchannels (3 m in depth and 500 m in width), and bridged with nanochannels 
(300 nm in depth, 3 m in width, spaced by 1.5 m and 2.4 mm in length). For this micro-nanofluidic chip, bonding 
strength was 0.91 Jm-2 (was measured after leak test), which was in accordance with the results of Figure 2. 

50 of sulfo-rhodamine B aqueous solutions were introduced to the bonded fused glass micro-nanofluidic chip 
by air pressure from one side microchannel to another side microchannel through central bridging nanochannels. 
Wide range of different air pressures (from 50 to 2000 kPa) were controlled by high-precision pressure controller. 
The leakage was checked by confirming the fluorescence of the introduced solution in the entire area of micro and 
nanochannels. The results of leak test were demonstrated in Figure 4. Even in the continuously driving solution 
from left microchannel (Fig. 4a, b, h, i) to the right microchannel (Fig. 4c, d, k, l) through the bridged nanochannels 
(Fig. 4f, g) for 60 min, fluorescence was only observed inside the micro-nanochannels and no leakage was observed.  

These results show that the bonded micro-nanofluidic chip was performed high bonding energy as well as capable 
of operating without leakage during high air-pressure driven solution introduction even at 2000 kPa (Fig. 4). The 
performance of room temperature bonding met the requirement of high air pressure driven micro-nanofluidic chip 
operations which would be expected to be satisfied most of micro-nanofluidic operations. 
 

 
Figure 2: Bonding energy of the bonded fused  
silica glass substrate after plasma treatment. 

 
Fig. 3 Photographs of bonded fused silica glass substrate 
after blade cleavage test. (a) Bonding conditions of O2 
RIE plasma at 250-W discharge power without Teflon. (b) 
Bonding conditions of O2 RIE plasma at 250-W discharge 
power with Teflon volume 400 mm3. 
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Fig. 4. Evaluation of bonding of a micro-nanofluidic chip under high pressure condition (2000 kPa). 50M of 
sulfo-rhodamine B solution was introduced into the micro-nanochannel. Phase contrast images of microchannels (a, 
c, h, k) and nanochannels (f). Fluorescence images of microchannels (b, d, i, l) and nanochannels (g). (e) 
Photograph of a fused silica glass micro-nanofluidic chip with two side microchannels and bridged nanochannels. 
Scale bar: 200 m. 
 
 
CONCLUSION 
  We developed a direct bonding of fused silica glass micro-nanofluidic chip at room temperature through fluorine 
induced O2 RIE plasma surface activation process. The bonded glass micro-nanofluidic chip showed the 
performance of high bonding energy moreover leakage was not confirmed during high air-pressure driven solution 
introduction even at 2000 kPa. We strongly believe that the demonstrated room temperature bonding would be 
expected to be promising to broaden the application of micro-nanofluidic devices. 
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ABSTRACT 
    In this paper, we present carbon sandwich electrode pair as ultrasensitive electrochemical/bio sensors. We 
introduce simple, easy and low cost batch fabrication method, which is called carbon MEMS. Carbon MEMS 
process easily converts microstructures to nanostructures using only conventional photolithography and pyrolysis 
process. The carbon sandwich electrode pair consists of an on-plane electrode and a suspended nanomesh electrode. 
As electrochemical sensors, redox current amplification was measured with the carbon sandwich electrode pair. The 
feasibility of the carbon sandwich electrode pairs as highly sensitive electrochemical sensor platforms was 
demonstrated by measuring current values from the electrode pairs integrated in a pre-defined microchannel. The 
maximum current signal amplification factor of 89 was achieved by the carbon sandwich electrode pair integrated in 
a PDMS microchannel of 10 μm channel height. Furthermore, we studied the effect of the aspect ratio of the 
suspended carbon electrode on the amplification factors. 
 
KEYWORDS 
Electrochemical sensor, carbon MEMS, redox cycling, microchannel  

 
INTRODUCTION
The demand of nanostructure sensing systems is emphasized in the areas of healthcare and the life sciences recently. 
That is because of their advantages; large surface area to volume ratio, high sensitivity, fast response and good 
electrical property [1]. Recently, many researchers have developed nanostructure based electrochemical sensing 
systems such as on-plane interdigitated array nanoelectrodes and planar sandwich nanoelectrodes encapsulated in a 
nanocavity [2, 3]. These systems consist of one pair of electrodes each of which is biased differently such that target 
molecules experience repeated redox events resulting in electrochemical signal amplification proportional to the 
number of redox events. The sandwich nanoelectrode pair showed more than one hundred times signal amplification 
through the redox cycling because the electrodes are tightly spaced and encapsulated in nanocavity so that the 
diffusion is limited in only the nanocavity [3]. However, the application of this electrochemical sensor is very limited 
because of difficulties in nanofabrication processes including e-beam lithography and sacrificial layer etching 
processes, and limited transport of the liquid sample along the nanocavity.  
Our group developed the carbon sandwich systems forming a microchannel overcoming the limitation of the 
nanocavity based sensors. The carbon sandwich system consists of an on-plane carbon electrode and a suspended 
carbon nanomesh bridging two carbon walls so that a microchannel is defined by carbon exterior (Figure 1a). 
Moreover, we present novel electrochemical/bio sensing systems based on a horizontal carbon sandwich electrode 
pair (suspended carbon nanomesh electrode/on-plane carbon electrode) in a  channel covered with a pre-defined 10 
μm PDMS micro-channel. This novel sensing system utilizes carbon structure as microchannel walls as well as 
electrochemical sensing electrodes so that the micro-channel can be precisely defined by only bonding a PDMS 
layer on top of the carbon sandwich electrode (Figure 1b). The horizontal carbon sandwich electrode pair is able to 
amplify the electrochemical signal by redox cycling of the target molecules between the electrodes. Even this effect 
of redox cycling is boosted by carbon microchannel/electrode geometries constraining the diffusion of the target 
molecules only between the electrode pair resulting in more than 80 times signal amplification. In addition, we 
demonstrate the electrochemical amplification factor depending on the geometries of suspended carbon nanomesh 
electrodes. 

Figure 1. Redox cycling effect of the horizontal carbon sandwich electrode pairs a) in bulk solution, b) in a 
pre-defined microchannel (generator: anode, collector: cathode). 
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Experimentals 
 
Fabrication 
Using a photolithography process, 4 μm thick planar polymer (SU-8 photoresist) pads were patterned on a 6 inch 
silicon wafer insulated by a thermally grown SiO2 layer. The planar polymer pads were converted to carbon planar 
electrodes in a pyrolysis process. Second, 25 μm thick SU-8 photoresist was spin-coated on the first photoresist 
patterns. Then, UV light was illuminated onto the photoresist layer through a photomask for contact pads which 
support suspended photoresist microwire meshes. Without a developing process, another UV exposure process is 
performed defining suspended photoresist microwire meshes. Next, a developing process to release the photoresist 
patterns was performed. Finally the entire polymer structures were converted into carbon structures at 900 ° C in 
inert gas condition. 
 
Microchannel integration 
The carbon sandwich systems were passivated except sensing area including the suspended carbon electrode and the 
planar electrode just below the suspended electrode before PDMS channel bonding. PDMS microchannel molds of 
10 μm high SU-8 photoresist structures were prepared on a silicon wafer using photolithography. Then, PDMS 
solution was poured on the SU-8 molds. The molds were cured in an oven. At last, the microchannel detached from 
the molds was integrated on top of the carbon sandwich systems.  

 
Figure 2. Fabrication steps of the horizontal carbon sandwich systems. 

 
Electrochemical methods 
0.01 M [Fe(CN)6]4- (Sigma-Aldrich, USA) in a 0.5 M KCl (Bioshop, Canada) solution was used as redox species for 
the cyclic voltammetry. The potential of the planar electrode was scanned from 0 to 0.6 V against Ag/AgCl reference 
electrode without any bias applied to the suspended carbon nanowire mesh electrode (single mode) using a 
multichannel potentiostat (CHI 1020; CH Instruments, Inc.). Then, the same potential was scanned while the 
suspended carbon nanowire mesh electrode was biased at a constant -0.3 V (dual mode) in order to measure the 
current amplification caused by redox cycling.  
 
RESULTS AND DISCUSSION 
Several geometries of carbon nanomeshes are shown in Figure 3. The geometry of nanomesh structures is 
determined by the photomask design of third UV exposure (Figure 2 (8)). The polymer micromesh structure of 1 μm 
width and 2 μm thickness was converted into the carbon nanomesh structure with dimensions of 500 nm width and 
800 nm thickness (Figure 3(a)).  

 
Figure 3. SEM images of various nanomeshes with dimensions of a) width = 500 nm, height = 800 nm, b) width = 

700 nm, height = 800 nm. 

 
Figure 4. SEM images of the horizontal carbon sandwich system. 
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After fabrication process, a PDMS layer was bonded on top of the pre-defined carbon cavity with a pre-defined 
microchannel. The cavities of nanomeshes ensure effective mass transport between generator and collector 
electrodes.  
In the previous study, we demonstrated the amplification factor of 89 with the horizontal sandwich electrode pair in 
10 μm high microchannel (nanomesh dimensions; width 1.3 μm, height 2.2 μm, 15 μm separated from substrate) [5]. 
Redox species experience redox cycling between the nanowire mesh electrode (collector) and the planar electrode 
(generator). PDMS microchannel plays a role in the increase of amplification because of restrained mass transport of 
redox species receding from the electrode in microchannel. As well, redox cycling current depends on the geometry 
of nanowire mesh electrode and the planar electrode. To study the effect of geometries, we fabricate horizontal 
sandwich electrode pairs with different thickness of nanomesh electrode and the fixed size planar electrode. In figure 
5c, 34.5 times amplified current signal was achieved from a sandwich electrode pair with an 1:1 aspect ratio 
suspended carbon nanomesh electrode (width : 800 nm, thickness : 800 nm) and a planar electrode. It means that 3-D 
shaped nanomesh electrodes have significant effect on electrochemical signal amplification. 
  

 
Figure 5. a) image of a multi-platform horizontal sandwich system, b) microscopic image of a horizontal sandwich 

electrode pair in 10 m high PDMS microchannel (nanomesh dimensions; width = 800 nm, height = 800 nm, length 
= 130 m, 8 m separated from the substrate), c) cyclic voltammograms in 10 mM [Fe(CN)6]

4- with 0.5 M KCl (the 
same electrode pair as figure 5b). 

 
CONCLUSION 
We demonstrate the prospect of electrochemical sensors using C-MEMS process that is a low cost and simple batch 
fabrication consisting of only two step process; conventional photolithography and pyrolysis process. 
Electrochemical signal amplification of 89 times was accomplished with the horizontal carbon sandwich electrode 
pair in the microchannel which can overcome the limitation of on-plane nanostructures in a nanocavity. The 
microchannel was constructed by bonding a pre-defined PDMS layer on top of the carbon structures so that the 
development of highly sensitive electrochemical/biosensors of very simple configuration expected. The 
electrochemical current amplification could be even more enhanced by increasing the aspect ratio of the suspended 
carbon nanomeshes. 
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Low cost integration of 3D-electrodes via replica molding 
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ABSTRACT 
We demonstrate a new replica molding method for integrating 3D-composite electrodes into microfluidic devices made 

from polydimehtylsiloxane (PDMS) at low cost. Our process does not require work in a cleanroom, expensive materials, or 
expensive equipment once a micro mold has been fabricated using standard multilayer SU-8 photolithography. Different de-
vice geometries have been fabricated to demonstrate the capabilities and limitations of the method. The electrical properties 
of the composite electrode material are characterized. Furthermore, a device for concentrating particles via AC-
dielectrophoresis (DEP) is presented as an example for a potential application of the fabrication process. 

KEYWORDS: replica molding, electrodes, electrokinetics, particles, PDMS composite 

INTRODUCTION 
Methods for integrating microscopic conductive features into microfluidic devices are of great importance for the lab-on-

a-chip community [1]. These features can serve as electrodes for the generation of electric fields, with applications including 
sample concentration, sample separation, electrochemical measurements, mixing, electroporation and electro-fusion of cells. 
Despite their importance, most methods for integrating conductive features into microfluidic devices require either expensive 
materials, equipment or photolithography steps for each device to be fabricated. Although the integration of electrodes via 
injection molding methods [2] have fewer requirements, the range of the achievable electrode geometries is rather limited. 
This work presents an affordable replica molding method that allows integrating a large variety of conductive features into 
microfluidic devices. 

THEORY 
Micromold masters required for fabricating microfluidic devices with integrated 3D electrode structures by replica mold-

ing are produced in a cleanroom using standard multilayer SU-8 (MicroChem) photolithography. Copies of the mold masters 
can be fabricated from polyurethane (Smooth cast 310, Smooth-on) using the process described in [3]; the replica molding 
procedure illustrated in Figure 1 is then performed using these copies or the original master. Throughout the process, the 
PDMS (Sylgard 182, Dow Corning) is used in a 10:1 (base:hardener) ratio. 

The method presented here is based on a dry nanoparticle embedding technique that was recently demonstrated for fabri-
cating magnetic polymer micropillars for MEMS applications [4]. Carbon black (CB) nanoparticles (Vulcan XC72R, Cabot) 
are applied to the mold in dry form using a tongue depressor. A crucial step is the removal of the excess particles by casting 
them into PDMS as shown Figure 1c. The micromolds incorporate barriers surrounding the main features as shown in Figure 
1(h). These barriers facilitate the casting process as controlled volumes of uncured PDMS can be applied to the mold using a 
micropipette until the PDMS film fills the whole area within the barrier as shown in Figure 1(i) for a clean wafer.  

Electrical chip to world connections are made by punching holes into the PDMS device in regions 4 and 5 (Figure 1h).  
These regions are filled with CB-PDMS composite connecting to the electrodes in the microfluidic channels. After the PDMS 
has been bonded to a glass slide by oxygen plasma bonding, the punched holes are filled with a CB-PDMS composite. 
Stranded wires are then inserted into the holes filled with CB-PDMS composite and the device is cured in an oven. 

(a)  

(b)  

(d)  (e)  (c)  

(f)  (g)  (h)  (i)  
Figure 1: Process overview: (a) Application of CB particles to the mold using a tongue depressor. (b) Removal of excess par-
ticles using a cotton applicator. (c) Casting of the remaining excess particles into PDMS. (d) Curing and removal of the thin 
layer of PDMS. (e) Covering of the mold with PDMS and curing at room temperature overnight. (f) Peeling of the PDMS. (g) 
Bonding of the PDMS to a glass slide or to another fluidic layer seals the channel.(h) General device layout: 1, 2 and 3 are 
fluidic inlet and outlet ports; 4 and 5 indicate the locations for the electrical chip-to-world connections.(i) Silicon substrate 

with SU-8 mold structures after the application of PDMS with a pipette to remove the excess CB.
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EXPERIMENTAL 
Devices following the layout shown in Figure 1(h) were fabricated with different electrode geometries in order to demon-

strate the capabilities of the fabrication method. A complete device and different electrode geometries are shown in Figure 2. 

(a)  (b)  (c)  (d)  

(e)  (f)    
Figure 2: (a) and (b) Image of a device containing an array of conductive cylinders (black) with a diameter of 40 µm and a 
height of 45 µm connected to leads with a 60 µm x 35 µm cross section in an 800 µm wide and 80 µm high channel as shown 
in (c). (d) and (e) top-view of the cylinder array with (e) 40 µm and (e) 20 µm gaps between the leads. (f) Cylinders with the 

same dimensions as in (c) connected to 20 µm x 20 µm leads. 

For the characterization of the electrical properties of the CB-PDMS composite, devices consisting of leads of 1 cm 
length with a cross section of 100 µm x 93 µm were fabricated using the procedure described in Figure 1(a)-(f). The conduc-
tivity of  the CB-PDMS composite and the resistance of the electrical chip to world connections were determined in 4-point 
measurements. Additionally, two-point impedance measurements were performed using a 4294A Precision Impedance Ana-
lyzer (Agilent) in the shielded four-terminal (4T) configuration. 

In order to demonstrate a potential application for the fabrication process, a device for the concentration of polystyrene 
particles via AC-DEP was designed and tested. The devices incorporate an array of cylinders connected to leads as shown in 
Figure 2(c) and (d). The performance of the device was evaluated experimentally by determining the flux Jdep of trapped par-
ticles using the setup shown in Figure 3(a). The electrodes are connected to a function generator that produces a sinusoidal 
voltage signal and a voltage amplifier. During and experiment a suspension of fluorescent polystyrene (PS) particles (Thermo 
Scientific) with a mean diameter of d = 1 µm and with the volume concentration of particles of Cin = 0.0075 vol% was driven 
through the device at a flow rate Q using a syringe pump. The concentration of the particles downstream from the post array 
Cout was measured using fluorescence microscopy while particles were accumulating in the concentration region. Assuming 
that the particle concentration is uniform over the depth of the channel and that the fluid velocity is uniform, the approximate 
average downstream particle flux was calculated from 
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where ∆xFOV = 1 mm is the length of the field of view (FOV), W is the channel width and Apx is the area of one pixel (the 
summation is performed over the FOV). The particle trapping rate Jdep(t) was then calculated from the difference between in-
coming particle flux and outgoing particle flux. 

(a)  (b)  
Figure 3: (a) Experimental setup for particle concentration experiments. (b) Microscopic image of particles (appear bright) 
accumulating in regions of high field intensity. 

RESULTS AND DISCUSSION 
As shown in Figure 2, a great variety of electrode geometries can be realized with the fabrication process described 

above. 
The mean conductivity and the corresponding standard deviation determined from 33 lead resistance measurements was 
16.74 S/m and 8.1 S/m respectively. The mean and the standard deviation of the contact resistance determined from six 
measurements were 2.44 kΩ and 1.61 kΩ respectively. Impedance data for three samples with lead resistances ranging from 
close to the mean resistance (Sample 1) to close to the maximum measured resistance (Sample 3) are shown in Figure 4. The 
magnitude of the impedance was normalized with respect to the magnitude of the impedance at f = 40 Hz where |Z|40Hz = 
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73 kΩ, 109 kΩ and 244 kΩ for sample 1,2 and 3, respectively. All samples show resistive behavior for frequencies below 
1 MHz, which makes the CB-PDMS composite suitable for AC-electrokinetic applications such as particle concentration via 
AC-DEP.  

Particle trapping rates obtained from the setup described in the preceeding section are shown in Figure 5a.  The trapping 
rates decrease over time while particles accumulate at the electrodes. The initial (maximum) deposition rate J0

dep is independ-
ent of frequency in the investigated range as shown in Fig 5b. Further, the initial rate J0

dep is found to be governed by convec-
tion and dielectrophoresis; the quadratic increase of J0

dep with the applied voltage for Urms < 10V in Fig 5c indicates that die-
lectrophoresis is the rate limiting factor. At higher voltages, convection seems rate limiting through particle depletion as 
indicated by the linear increase of J0

dep with the flow rate in Fig 5d. 
 

(a)  (b)  
Figure 4: Impedance data for three samples with different CB-PDMS lead resistances: (a) Normalized magnitude of the 

impedance. (b) Phase data 

(a)  (b)  (c)  (d)  
Figure 5: (a) Deposition rates for different applied potentials Urms at Q = 1µl/min, Cin = 0.0075%wt and f = 100 kHz. (b) Ini-

tial deposition rate at Q = 1 µl/min for three frequencies and (c) for different input voltages Urms at f = 100 kHz. The solid 
line represents the fit J0

dep = a(Urms)² with a = 109.9 µm³/min/V2. (d) Initial deposition rate as a function of flow rate for the 
two input voltages Urms = 15 V (squares) and Urms = 25 V (circles) at f = 100 kHz. 

 
CONCLUSIONS 

A method for integrating 3D-electrode structures into microfluidic devices made from polydimethylsiloxane was demon-
strated. The method has several advantages over previous methods. It is comparably affordable and does not rely on expen-
sive equipment once a micromold master has been fabricated. Great flexibility in achievable electrode geometries was 
demonstrated. No aligning between an electrode layer and a fluidic layer is required and the devices are leakage free. Parti-
cles made from materials with higher bulk conductivity could be used in case a higher conductor conductivity is required. 
The fabrication process yields devices that are suitable for electrokinetic applications as demonstrated with a device for the 
concentration of PS particles via AC-DEP. 
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ABSTRACT
Patterning of microstructure and nanostructure on a planar substrate has been widely studied in diverse fields

such as cell analysis and biomimetic applications. In this paper tunable wrinkle patterned microparticles are
fabricated by coating the surface of the polymeric particle with silica. Microparticles with various shapes are 
produced using optofluidic maskless lithography (OFML) and wrinkling is induced by a silica-coating process. We 
control the wrinkle pattern in two aspects; direction and characteristic wavelength of the wrinkle. The wrinkle 
direction is guided by changing the internal structure of the particle and the wavelength is regulated by varying the 
amount of ultraviolet (UV) light during photopolymerization. This wrinkle structure based on the particle substrate 
will be useful as a new platform for cell analysis or other related research areas.

KEYWORDS
Wrinkle, microparticle, silica-coating, wrinkle directionality, wrinkle characteristic wavelength

INTRODUCTION
Patterned substrates including microstructures and nanostructures consist of line, pillar, or fiber, have received a 

lot of attention because they are valuable to mimic an extracellular environment to observe cell morphology or 
differentiation of stem cell.[1] Recently, the importance of these structures fabricated by the bottom-up process has
become significant because of its high scalability and inexpensive fabrication cost compared to the top-down process.
However, few studies patterned microstructure on the particle substrate compared to the planar substrate.

Here, we demonstrate a fabrication of tunable wrinkled microparticles by controlling the particle shape and UV 
light dose. First, a large number of polymeric microparticles with various shapes were generated using an OFML 
system.[2] Then the wrinkles were fabricated via a silica-coating process based on the modified version of Stöber 
method.[3, 4] We did not use conventional methods widely utilized in the two-layer system for wrinkling such as 
thin metal film deposition with thermal expansion or drying during the sol-gel process.[5, 6] This wrinkle pattern is
tunable in that the directionality of the wrinkle can be controlled by punching holes inside of the particle and the 
wavelength of the wrinkle can be modulated by changing the dose of UV light during the photopolymerization 
process.

EXPERIMENT
A schematic view of the fabrication process of the wrinkled particle is shown in Figure 1. Polymeric 

microparticles were polymerized from prepolymer resin consisting of ethoxylated trimethylopropane triacrylate 
(ETPTA), 3-(trimethoxysilyl) propyl acrylate (TMSPA), and photoinitiator, DAROCUR. Particles with various 
shapes were easily synthesized using the OFML system. Then a silica layer was coated on the surface of these 
particles by the condensation of tetraethoxysilane (TEOS) in a mixture of deionized water, ethanol, and ammonium 
hydroxide aqueous solution with vortexing. Then wrinkling occurs during this silica-coating process.

Figure 1. A schematic view of the fabrication process of wrinkled particles. (A) Fabrication of microparticles using 
OFML system. Various shapes of particles are fabricated by changing the digital micromirror device (DMD) 
pattern. (B) Wrinkle generation via the silica-coating process. Silica seeds are formed then the silica layer covers 
the surface of the particle and wrinkles start to occur.
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RESULTS AND DISCUSSION 
Scanning electron microscopy (SEM) 

images of fabricated wrinkled microparticle are 
shown in Figure 2(A). The silica layer has been 
fully grown on the surface of the particle as 
shown in the magnified images. The wrinkles 
were generated during the silica-coating process. 
When the reaction in mixed solution for 
silica-coating was performed for 200 minutes, 
wrinkles were generated (Figure 2(C)). 
However, when we reduced the coating time to 
half, wrinkling did not occur and the surface of 
the particle was smooth (Figure 2(B)). In the 
silica-coating process, silica seeds are formed 
first. Then a silica layer is developed by 
condensation of TEOS, which is done in a 
relatively short period compared to forming 
seeds (Figure 1(B)). Buckling does not occur 
until the silica layer covers the surface of the 
polymer particle. Therefore, enough coating 
time is essential for generating wrinkles. 

Wrinkle patterned microparticles with 
different shapes were fabricated as shown in 
Figure 3. It is simple to generate wrinkles on the 
surface of the particle regardless of the shape of 
it by using the OFML system and the 
silica-coating process. Also, wrinkle patterns 
were different depending on the shape of the substrate. Therefore, we can generate diverse wrinkle patterns by 
changing the shape of the particle. 

Controlling the wrinkle pattern was demonstrated in both direction and characteristic wavelength of the wrinkle. 
First, we guided the direction of waves by punching holes at a particular location in the particle. The wrinkle showed 
random directionality when the particle had no holes (Figure 4(A)). However, wrinkles tended to converge toward 
the hole when holes existed because the waves align perpendicular to the direction of maximum compressive stress 
(Figure 4(B) ~ (F)). We controlled the stress field by constructing structures like a hole, which confine the internal 
structure of the particle. Therefore the wrinkle pattern can be controlled by several parameters which confine the 
inside region of the particle such as the number, location, or shape of holes. 

In addition, UV light exposure time regulated the characteristic wavelength of wrinkle patterns during 
photopolymerization (Figure 5). Fast Fourier transform (FFT) analysis revealed that the characteristic wavelength 
was 5.52μm when we illuminated UV light for 0.15 second during lithography while the wavelength was 4.14μm for 
0.25 second. The shorter illumination time resulted in the longer characteristic wavelength. It seems because shorter 
illumination resulted in a softer polymer particle substrate, which means the substrate has a smaller elastic modulus. 
This smaller elastic modulus of the substrate induced longer wavelength because wavelength is inversely 
proportional to it.[5] 
 

 

Figure 2. SEM images of wrinkled microparticles. (A) 
Silica-coated surface of wrinkled particle. (B) No wrinkle on the 
particle coated for 100 minutes. (C) Wrinkles on the particle 
coated for 200 minutes (Scale bar 10μm). 

Figure 3. SEM images of wrinkle-patterned microparticles with different shapes. (A) Petal-like shape. (B) 
Boomerang shape. (C) Cross shape (Scale bar 10μm). 
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CONCLUSION 
Wrinkle patterned miccroparticles were fabricated by the OFML system and the silica-coating process. Wave 

patterns were controlled in the directionality and the wavelength by the internal structure and the amount of UV light 
illumination. This wrinkle structure could provide the new three-dimensional extracellular topology for cellular 
bioassays based on microparticle technology. 
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Figure 4. Guiding of the wrinkle direction by punching holes inside the particle. (A) Random directionality with no 
hole. (B)-(F) Converging directionality near the hole. Also linear directionality between the adjacent holes (Scale 
bar 10μm). 

Figure 5. Controlling of the characteristic wavelength of wrinkles by changing the dose of UV light illumination 
during the process of photopolymerization. (A) 0.15 second exposure time. The inset (FFT analysis) reveals that the 
wavelength is 5.52μm. (B) 0.25 second exposure time. The wavelength is 4.14μm. The shorter illumination time 
induces the longer wavelength (Scale bar 10μm). 

 1248



FLEXIBLE MICRONEEDLE ELECTRODE ARRAY BASED-ON 
PARYLENE SUBSTRATE  

Renxin Wang1, Zewen Wei2, Wei Wang1, Zhihong Li1 
1 National Key Laboratory of Science and Technology on Micro/Nano Fabrication, Institute of Microelectronics, 

Peking University, Beijing, China , 
 2National Center for Nanoscience and Technology, Beijing, China 

 
ABSTRACT 
    We present a parylene-based microneedle electrode array (MNEA). The silicon microneedle electrode array is 
formed on the glass substrate, packaged by parylene and released from glass substrate. This structure combines the 
flexibility of parylene substrate and the rigidity of silicon needle. The impedance and penetration tests validate that 
the flexible MNEA is promising in transdermal drug delivery and electroporation applications. 
 
KEYWORDS 
Microneedle, Flexible, Electrode array, Parylene, Transdermal 

 
INTRODUCTION 

Recently, MNEAs are applied in transdermal drug delivery and electroporation [1]. However, most of these 
MNEAs are based on rigid substrate that could not conform to natural shape of target objects. In contrary, flexible 
chips with flat electrodes afford low invasiveness and good conformation but are lacking in physically transdermal 
capability [2]. To address these problems, S. Choi presented a flexible MNEA with Ni electrode to enhance the 
strength of needle [3], but Ni was not biocompatible. In our previous work, a 3D flexible MNEA with silicon needle 
was presented [4], but the needles are too short for transdermal application. In this paper, we have designed, 
fabricated and characterized a flexible parylene-based MNEA for transdermal electroporation application. 

 
FABRICATION 

The fabrication process is schematically presented in Figure 1. A 400 μm-thick Silicon wafer with 100 nm SiO2 
and 100 nm Si3N4 on the front was bonded with glass. SiO2/Si3N4 was patterned using lithography and reactive ion 
etching to form the KOH mask. Then 320 μm-deep silicon was etched by KOH (Figure 1.1). Silicon was diced with 
remained thickness of 80 μm (Figure 1.2). The 80 μm-deep silicon was etched by KOH and independent silicon 
microneedle array was formed (Figure 1.3). The metal was deposited and patterned by lift-off process to cover the 
silicon needles and form the connection lines. Then 4μm gold was electroplated on the metal layer. Sequentially, 10 
μm-deep glass was isotropically etched by HF. Therefore, 10 μm-wide undercut beneath silicon needles and metal 
lines was formed. Here, rigid MNEA without parylene was obtained (Figure 1.4). The 8 μm-thick parylene was 
deposited and patterned using lithography and oxygen plasma. Here, rigid MNEA with parylene was obtained 
(Figure 1.5). Finally, the glass substrate was removed by HF. Meanwhile, silicon needles and metal lines were 
packed by parylene layer and released along with the whole chip. Thus flexible MNEA was obtained (Figure 1.6). 

 
 

RESULTS AND DISCUSSIONS 
Figure 2 shows the profile of diced silicon array and independent silicon microneedle array with height of 190 

μm. Here, the interval of silicon needles was 340 μm, whereas 500-μm interval would be required if just square 
mask was utilized to get the same height [5]. By the introduction of dicing process, the interval of needles could be 
reduced, which meant the density of microneedles could be increased. Moreover, the height and interval could be 

1.First KOH 320μm 

2.Dice silicon 

3.Second KOH to
obtain silicon MNA 

4.Pattern metal and
form undercut 

5.depoxit and Pattern
parylene 

6.release flexible MNEA
by remove glass  

Figure 1: Schematic fabrication process 
Si3N4 Si Glass Gold Parylene 
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adjusted to meet versatile needs. 
As shown in Figure 3, after lift-off and electroplating, the electrode metal conformed to the tips array well. The 

thick gold layer was electroplated for two purposes: one was to make the metal line stronger to accomplish the final 
releasing; the other was to afford large current which was required in electroporation application. 

The SEM micrograph of the front side in Figure 4 shows that parylene was patterned. The bright area indicates 
the exposed electrode, whereas the dark area indicates the covering parylene. 

The SEM micrograph of the backside in Figure 5 shows that silicon needles and metal lines were packed by 
parylene and released along with the chip after the glass was removed. The red arrows indicate the positions of 
silicon needles and metal lines respectively.  

 
Photos of rigid MNEA with parylene and flexible MNEA chip are shown in Figure 6. The MNEA consisted of 

9×9 microneedle electrodes, which were divided into two ports as shown in Figure 6.a. The flexible MNEA could be 
distorted easily without damage due to good extensibility of gold as shown in Figure 6.b. The microneedles are 
clearly demonstrated in the magnifying image.  

The impedance of rigid MNEA without parylene, rigid MNEA with parylene, and flexible MNEA in PBS were 
characterized, and the magnitude were 118 Ω, 430 Ω and 146 Ω respectively, at the typical frequency of 1 KHz 
(Figure 7). Flexible MNEA showed significantly lower impedance than rigid MNEA with parylene, probably due to 
the conducting backside, which could be insulated by another parylene layer if necessary.  

Flexible MNEAs with naked dye were pressed on the muscle of the pig. The result (as shown in Figure 8.a) 
indicated that flexible MNEA penetrated into the tissue with spots left. Figure 8.b shows MNEA retained previous 
structure and profile without observable damage. 

 

Figure 2: (a) diced silicon array; (b)Silicon
microneedle array 

(a) (b) 

Figure 3: SEM of MNEA without Parylene 

Figure 4: Front of flexible MNEA: Parylene
was patterned. 

Figure 5: Backside of flexible MNEA 

Silicon needle 

Metal line 
 

Figure 6: Photos of rigid and flexible MNEA: 
(a)Rigid MNEA with parylene; (b)Flexible MNEA  

(a) (b)
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CONCLUSION 
A flexible microneedle electrode array for use of transdermal electroporation was successfully fabricated, which 

had flexible parylene substrate and rigid silicon microneedles. The impedance spectroscopy indicated good 
conductivity of the flexible MNEA. The MNEA was penetrated successfully into pig muscle, and maintained the 
electrical functionality necessary after penetration.  
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Figure 7: Impedances contrast of rigid and flexible MNEA 

Figure 8: Penetration test of flexible MNEA:(a) spots indicated that flexible MNEA
penetrated into tissue;(b)After penetration, MNEA retained previous structure and
profile without obvious damage 

.(a) (b)
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ABSTRACT 
    We present a simple and robust technique to immobilize cells onto a glass substrate. Immobilization of cells at 
specific location onto planar substrates is useful for biomolecular analysis within cells. Our technique enables 
on-demand immobilization of cells by irradiating photoresponsive substrate that lies underneath the cells. Cells 
located at the irradiated area were almost completely immobilized under optimized conditions. This technique was 
applied to in situ DNA analysis by target-primed rolling circle amplification. Mitochondrial DNA in the immobilized 
cells was successfully detected. This technique will be a powerful tool for biomolecular analysis in cells on 
microfluidic devices. 
 
KEYWORDS 
Benzophenone, Crosslinking, Rolling circle amplification, Mitochondria, Single cell analysis 

 
INTRODUCTION 

 Immobilization of cells at specific location onto planar substrates is useful for biomolecular analysis within 
cells. Light-assisted cell immobilization can achieve spatial and temporal control of the immobilization by 
controlling the light. However, conventional techniques require patterning of the substrate surface prior to 
immobilization [1, 2]. In addition, in situ DNA analysis in the immobilized cells has never been reported. In contrast, 
our technique enables on-demand immobilization of cells by irradiating photoresponsive substrate that lies 
underneath the cells. Both adherent and nonadherent cells were immobilized to the irradiated area. Cells located at 
the area were almost completely immobilized under optimized conditions. This technique was applied to in situ 
DNA analysis by target-primed rolling circle amplification (RCA) [3].  

 
PRINCIPLE 

Figure 1 shows the schematic illustration of the cell immobilization procedure. Cells are disseminated on the 
glass substrate modified with benzophenone (BP) molecules via silane coupling reagents. BP is a well-known 
photoresponsive molecule that can form covalent bonds with a wide range of biomolecules. Then, the substrate is 
irradiated with an UV light (λ = 365 nm) through a photomask. By the irradiation, the membrane of the cells is 
crosslinked with BP on the substrate. After washing, only immobilized cells remain on the substrate. 

 

UV
(λ = 365 nm)

BP-modified
glass substrate

Cells

Photomask

Washing

substrate

Si
OO O

NH
NHS

HO

Si
OO O

NH
NHS

HO

cell

BP

Coupling
reagent

 
Figure 1. Schematic illustration of the cell immobilization procedure. 

 
EXPERIMENTAL 

A polydimethylsiloxane (PDMS)-glass device with a BP-modified bottom surface was fabricated as follows. 
Benzophenone-4-isothiocyanate was immobilized on a cover slip (24 × 60 mm) via 3-aminopropyltriethoxysilane [4]. 
The cover slip was bonded to a PDMS substrate possessing a through-hole (5 mm diameter, 2 mm depth). A 
suspension of human K562 erythroleukemia cells was poured into the well, which was then irradiated with UV light 
(λ = 365 nm) passed through a photomask under an inverted microscope. Phase-contrast images of cells were taken 
as required. For the evaluation of immobilization, the cell density on the substrate was estimated from the images. 
Mitochondrial DNA within immobilized cells was detected using target-primed RCA according to the literature [3]. 
Sequences of DNA probes are shown in Table 1. Fluorescence images were taken as required. Similar experiments 
were also conducted in a microchannel (1 mm width, 0.5 mm depth, 10 mm length). 

 
Table 1.  DNA probes used in this study. 

Probe Sequence 
Padlock probe 5’-phosphate-TAAGAAGAGGAATTGCCTTTCCTACGACCTCAATGCACATGTTTG

GCTCCTCTTCCCATGGGTATGTTGT-3’ 
Detection probe 5’-Alexa FluorTM 555-CCTCAATGCACATGTTTGGCTCC-3’ 
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RESULTS AND DISCUSSION 
Figure 2 shows the demonstration of the immobilization. Nonadherent K562 cells were immobilized to the whole 

of the irradiated area (1 mm diameter), both in an open well (5 mm diameter, 2 mm depth, Fig. 2(b)) and in a 
microchannel (1000 μm width, 500 μm depth, Fig. 2(c)). The use of adherent HeLa cells yielded almost the same 
results (data not shown). Complex patterns of cells can be formed as shown in Figs. 2(d) and 2(e). Spatial resolution 
of the technique will be discussed in the presentation. 

 

(a) (b) (c)

Channel

(d) (e)

 
Figure 2. (a-c) Micrographs of (a) a circular pattern on a photomask, (b) immobilized K562 cells on the 
BP-modified substrate in an open well, and (c) immobilized K562 cells in a microchannel (1000 μm width, 500 μm 
depth). (d,e) Micrographs of (d) complex pattern on a photomask and (e) corresponding pattern of immobilized cells. 

 
Figure 3 shows time course of density of immobilized cells with different light power density. The cell density 

increased with increasing the irradiation time, although the over-irradiation with a power density of 12.6 mW mm⁻² 
resulted in a decreased cell density. Under optimized conditions, 98% of cells located at the irradiation area prior to 
the UV irradiation were immobilized. 
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Figure 3. Timecourse of cell density following UV irradiation and rinsing with different light power densities: 0.70 
(● △), 2.54 ( ), and 12.6 mW mm–2 (▼). The dashed line shows the cell density prior to UV irradiation.  

 
Figure 4(a) shows schematic illustration of in situ detection of mitochondrial DNA by target-primed RCA. 

Immobilized cells are fixed with ethanol, treated with pepsin-HCl, and then reagents for RCA are added. A target 
sequence in mitochondrial DNA is recognized by a Padlock probe, and a long single-stranded DNA molecule is 
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obtained by RCA. The long DNA molecule is hybridized with detection probe, and we can detect the long DNA 
molecule as a fluorescent dot. Since the long DNA molecule is produced from a sequence in a single DNA, we can 
know both the number and the location of DNA molecules that possess target sequence by imaging the dots. Figure 
4(b) and 4(c) show fluorescence images showing the K562 cells after RCA. Bright dots around the nuclei of the cells 
were clearly observed, and RCA was successfully performed in the immobilized cells. Mitochondrial DNA in K562 
cells immobilized in the microchannel was also successfully detected, and details will be discussed in the 
presentation.  
 

dsDNA

T4 ligase

②Hybridization with
Padlock probe

MscI
T7 exonuclease

phi29 polymerase
dNTP

④Amplification

Fluorescent-labeled probe
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Nucleus

Cell fixation 70％ EtOH
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Figure 4. (a)Schematic illustration of in situ detection of mitochondrial DNA by target-primed RCA. (b, c) 
Fluorescence images showing the K562 cells after target-primed RCA. (b) Overall image. (c) Magnified image. RCA 
products were hybridized with detection probes (red). Cell nuclei were counterstained with Dapi-Fluoromount-G 
(blue). 

 
CONCLUSION 

 We have demonstrated a simple and robust technique to immobilize cells onto a glass substrate. Mitochondrial 
DNA in the immobilized cells was successfully detected by target-primed RCA. This technique will be a powerful 
tool for biomolecular analysis in cells on microfluidic devices. 
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ABSTRACT 
   In this paper, we implement rotational flow control on a polymeric microfluidic “lab-on-a-disc” device by 
combining serial siphoning and capillary valving for sequential release of on-board stored liquid reagents. The 
functionality of this integrated, multi-step centrifugal assay platform is tightly linked by the capability to establish 
reproducible, capillary-driven priming of the innately hydrophobic siphon microchannels. We here demonstrate for 
the first time that spin-coated hydrophilic polymeric films of poly(vinyl alcohol) and (hydroxylpropyl)methyl 
cellulose provide stable contact angles.  

KEYWORDS 
Hydrophilization, spin coating, centrifugal microfluidic platform, lab-on-a-disc, capillary force, serial siphon. 

INTRODUCTION 
One of the most crucial steps in biological analysis systems is the spatio-temporally controllable release of a 

repertoire of assay reagents. On the here considered centrifugal microfluidic “lab-on-a-disc” platform, we chose 
serial siphoning to direct the sequential delivery of bioreagents [1, 2]. However, their main drawback of serial 
siphoning constitutes the requirement of low-contact-angle polymeric microchannels [3, 4]. While there is a 
well-documented suite of surface functionalization processes such as oxygen plasma treatment, chemical vapor 
deposition, UV-irradiation [5-7], still most of them are either of transient nature (plasma treatment) or involve rather 
complex process steps and equipment.  

The present paper proposes the deposition of hydrophilic polymeric thin films onto polymer (disc) substrates, 
such as PMMA, using the commonly used spin coating. The main advantages of the method include quick formation 
of uniform layer (within 20 min), stability (over a month) and low-complexity / low-cost infrastructure. 

EXPERIMENTAL AND RESULTS 
The PMMA disc is constituted of five layers (Fig. 1a): 1) top PMMA disk 1.5 mm-thick with sample loading and 

venting holes, 2) top pressure-sensitive adhesive (PSA), 3) middle, 2mm-thick PMMA disc exhibiting CNC-milled 
chambers, valves and siphon microchannels (Fig. 1b), 4) bottom PSA layer and 5) a blank, 5 mm-thick PMMA disc 
for the sealing of the microchannels at the bottom side. The microchannels are 250 m wide and 250 m deep, the 
capillary valves are 350 m and the loading chambers are 1.7 mm deep, respectively. The basic design paradigm of 
the disc-based functional structures is motivated by previous publications [4]. 

Figure 1: a) Schematic illustration of the 5-layered disc assembly which features four devices, b) Schematic of the 
main microfluidic layer (middle disc) which consists of four chambers, valves and siphon microchannels for the 
introducing of different liquids to a common chamber. 

(a) (b) Siphon microchannels

Capillary valves

1  
2  

3  
4  

Common chamber 
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The polymeric materials deposited onto middle milled disc are 2-4% aqueous solutions of poly(vinyl alcohol) 

(PVA) and (hydroxylpropyl)methyl cellulose (HPMC). The PVA molecular weight is 31K-50K, 87-89% hydrolyzed. 

The film formation conditions are: spin coating at 3000 rpm, for 30 seconds and baking on a hot plate at 60°C for 20 
minutes. The selection of those coatings has been made using as a criterion their enhanced hydrophilicity in 

comparison with PMMA. The static contact angles of both PVA and HPMC have been measured as ~ 20°, whereas 

the plain PMMA sheet contact angle amounts to ~70° (Fig. 2). The respective surface energy values are 68 mN m-1 
(hydrophilic coatings) and 31 mN m-1 (PMMA) which have been calculated by using deionized water, chloroform, 
isopropanol and cyclohexane as test liquids. The increase in surface energy significantly influences the flow rate of 
liquids in the siphon microchannels. The high surface energy of the coated PMMA substrate is further demonstrated 
by the concave meniscus of the liquid in the microchannel (Fig. 3). 
 

(a) Plain PMMA 

 

(b) PMMA + 4% HPMC 

 
Figure 2. Static contact angle measurements of PMMA sheet surface a) before and b) after the deposition of 
hydrophilic HPMC coating. 
 

  
Figure 3. a) Image of the capillary liquid (water) flow through the siphon microchannels of an HPMC-coated 
PMMA disc, b) Zoom in the meniscus shape. 

 
The effectiveness of the PVA and HPMC coatings on the liquid flow rate in the siphon microchannels has been 

demonstrated using food dyes in phosphate buffer solution (PBS). As shown in Fig. 4a, all chambers are pre-loaded 
with food dyes and the disc is spun at 975 rpm (Fig. 4b), where the centrifugal force dominates, to release the liquid 
into the microchannels. After about 1 min, the rotational frequency is reduced to 75 rpm where capillary forces 
prevail in order to prime the microchannels (Fig. 4c). While staying below the burst frequency, liquid stopped just 
before the valve. Figure 4d establishes the successful delivery of food dye from the first siphons when the speed was 
increased again up to 975 rpm and Fig. 4e displays the second siphon priming. Finally, in the 3 last images (Fig. 
4f,g,h), the liquid delivery of the remaining siphons are portrayed, which occurred by repeating the same cyclic 
change in the spinning frequencies. 
 
CONCLUSION AND OUTLOOK 

Compared to our previous publication [8], this is the first time that sequential release of liquids has been 
demonstrated by the serial siphon paradigm on this centrifugal microfluidic lab-on-a-disc platform. The same 
sequential release has been recorded by using biological reagents such as 3% bovine serum albumin (BSA) in PBS. 
The future work focuses on the application of the proposed surface-modified lab-on-a-disc platform to a range of 
biochemical assays and enzyme-based reactions for use in both clinical and industrial environments. More 
specifically, we intend to use the microfluidic platform for bioprocess monitoring of therapeutic antibodies such as 
human immunoglobulin G (IgG). 
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Figure 4. Microscope images of the sequential release of food dyes from four individual chambers (30 µl volume) to 
the common central chamber through the siphon microchannels: a) liquid loading in the reservoirs, b) high-speed / 
centrifugal forces, c) low-speed / capillary forces, d) first liquid delivery e) second siphon primes, f,g,h) second, third 
and fourth liquid delivery, respectively. 
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ABSTRACT 

The ability to immobilize biomolecules at specific locations on the surface of solid supports is central to many 
biochip applications. This paper reports the rapid one-step photochemical surface patterning of biomolecules in thiol-ene 
microfluidic chips. Adjusting the stoichiometric ratio of “thiol” and “ene” monomers present in the microfluidic chip 
bulk material provides a simple and efficient way of tuning the chip’s surface chemistry. Here, thiol-ene chips displaying 
an excess of functional thiol groups at their surfaces are functionalized with biotin and streptavidin in a controlled 
fashion using photolithography. We also present quantitative data on the number of functional groups available for 
surface modification on thiol-ene substrates and their stability.    

KEYWORDS 
Thiol-ene polymers, biomolecule immobilization, surface functionalization, biochips.  

INTRODUCTION 
Thiol-ene formulations have recently generated a lot of interest in microfluidic fabrication [1, 2].  In thiol-ene 

polymerization, shown in Figure 1(a-b), a monomer containing multiple sulfhydryl functional groups (“Thiol”) adds to a 
second monomer featuring multiple alkene functional groups (“Ene”) to form a crosslinked polymer. A unique advantage 
of the thiol-ene polymerization reaction is the ability to select the nature and density of the functional groups present on 
the surface of the substrates by altering the reactant ratios. An excess of thiol monomers in the reactants will therefore 
result in the presence of unreacted thiols on the surface of the polymeric substrate. These unreacted thiols have 
previously been used as anchors for attaching polymer films [3] and allyl-functionalized red dye [2] to thiol-ene 
substrates. The thiol-ene photoreaction is considered bioorthogonal, i.e. it does not interfere with native biochemical 
processes due to its specificity for alkenes and robustness in aqueous buffer [4]. Therefore, it is an attractive reaction 
scheme for the attachment of biomolecules inside biochips made of thiol-ene polymer. Jonkheijm et al. [5] demonstrated 
the photoimmobilization of alkene-functionalized biotins onto thiol-modified silicon surfaces using the thiol-ene reaction. 
However, the procedure is labor intensive, requiring several steps to yield the desired thiol-terminated surfaces (plasma 
enhanced chemical vapor deposition and silanization to activate the silicon wafer substrate, attachment of 
polyamidoamine dendrimers to the silicon oxide surfaces followed by an aminocaproic acid spacer, coupling of the 
spacer to cystamine followed by reduction of the disulfide groups to yield the desired thiol functional groups). We 
demonstrate here that microfluidic chips made of thiol-ene can be rapidly and selectively functionalized with 
biomolecules.  

 
Figure 1. (a) The general thiol-ene reaction and (b) the thiol-ene reaction between a tetra-functional thiol and a 

tri-functional allyl yields a crosslinked photopolymer with tailorable chemical properties. 

EXPERIMENT 
Thiol-ene substrates were prepared by casting various monomer mixtures in a PDMS mold followed by UV curing (2 

minutes, ~40 mW/cm2 at 365 nm). The ratios of tetrathiol (pentaerythritol tetrakis-(3-mercaptopropionate)) and triallyl 
(1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione) monomers were adjusted to ensure that an excess of thiol groups 
would be present on the surface of the polymers. Ellman’s reagent (Figure 2) was used to evaluate the sulfhydryl group 
density at the polymer surfaces as a function of monomer mixture composition. Square substrates were incubated for 10 
minutes with Ellman’s reagent. After removal of the substrates, the absorbance of the reaction fluid was measured at 412 
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nm. The number of thiols on the surface of the thiol-ene substrates was evaluated from the molar extinction coefficient of 
the 2-nitro-5-thiobenzoate reaction product.  

 

Figure 2. Determination of the thiol surface coverage using Ellman’s reagent  

Surface functionalization was achieved by exposing a drop of biotin alkyne to UV light (Figure 3(a)), either through a 
photomask or directly through the microfluidic channel walls of the chip. After exposition, the unreacted biotin was 
thoroughly washed with phosphate buffer saline solution (PBS, pH 7.4) and the functionalized surface was incubated 
with fluorescently labeled streptavidin (Figure3(b)) for 10 minutes and rinsed again thoroughly with PBS. 

 
Figure 3. (a) Photochemical patterning of biotin-alkyne to thiol-ene substrates using the thiol-yne reaction. (b) 

Immobilization of fluorescently labeled streptavidin on the biotin functionalized surface. 
 

RESULTS AND DISCUSSION 
Figure 4 shows that the thiol surface coverage ranges between 0 and 280 SH/nm2 for mixture compositions ranging 

from 0-120% excess thiol. However, 90% excess thiol was found to be the highest possible ratio practically usable for the 
fabrication of microfluidic chips and was used in further studies. Figure 3 also shows that thiol groups remain present 
after storage and plasma treatment.  

 
Figure 4. Thiol group density on the microfluidic chip surface as a function of initial monomeric mixture composition 

The thiol-ene reaction was used to immobilize an olefin functionalized biotin directly to the thiol-ene chip surface, 
without any additional modification. After removal of the unreacted biotin, the surface was incubated with fluorescently 
labeled streptavidin for visualization. Figure 5 shows the variation in the amount of biotin/streptavidin immobilized as a 
function of irradiation time (without photoinitiator). Figure 6(a-b) shows that patterns as small as 20 microns could be 
replicated with high fidelity using a photomask. Figure 6(c-d) shows that immobilization of biotin in enclosed thiol-ene 
microchannels was also possible.   
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Figure 5. Fluorescence detection of the immobilized labeled streptavidin as a function of UV irradiation time. 

 
Figure 6. (a-b): Photolithographic patterning of biomolecules on thiol-ene surfaces. (a) Chromium mask used for the 

photolithographic patterning of (b). (b) Micrograph of the patterned biotin / labeled streptavidin. (c-d)Biotin 
functionalization in closed microchannels. The pictures show the thiol-ene microchannel before (c) and after (d) the 

photolithographic grafting of biotin and immobilization of fluorescently labeled streptavidin. 

CONCLUSIONS 
These results demonstrate the vast potential of thiol-ene as a substrate material in the fabrication of biochips where 

rapid and selective surface patterning of biomolecules is required.  
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ABSTRACT 

Paper-based microfluidic devices are emerging as a new technology for simple, low-cost, portable, and disposable 
diagnostic and monitoring platform. This article presents a novel method for fabricating microfluidic devices on paper by 
means of octadecyltrichlorosilane self-assembling and UV/O3-patterning. The hydrophilic filter paper was uniformly 
coated with a hydrophobic layer of octadecyltrichlorosilane (OTS) by dipping the paper into an OTS-hexane solution. The 
coated OTS layer was then treated with UV/O3 through a patterned quartz mask, generating hydrophobic barriers that 
define hydrophilic fluid channels, reservoirs and reaction zones. Contact angle measurements, XPS and ATR-FT-IR 
spectra confirmed that OTS self-assembled layer (OTS-SAL) was chemically immobilized on the filter paper surface and 
that the monolayer was degraded after UV/O3 treatment. The widths of the prepared hydrophilic channels and 
hydrophobic barriers could be as small as 80 μm and 130 μm, respectively. Colorimetric assays of nitrite ions were 
demonstrated with the developed paper-based microfluidic devices. 
 
KEYWORDS: 
Paper-based microfluidics, self-assembling, UV patterning.

INTRODUCTION
Paper-based microfluidic analytical devices (μPADs) have recently attracted great interests due to its easy-to-use, low 

cost, portable and easy-to-dispose. Since Whitesides’ group first reported a simple method for patterning paper in 2007 
[1], a variety of methods for fabrication of paper-based assay devices have been reported [1-4]. Thus, various 
hydrophobic substances such as SU-8 photoresist, wax, alkylketene dimmer, polydimethylsiloxane, etc. have been 
utilized to create well-defined, millimeter-sized hydrophilic channels on paper, and different techniques such as wax 
printing, screen printing, plasma treatment, laser treatment, iCVD-UV-photolithography and so on have been applied to 
pattern hydrophilic-hydrophobic contrast on a sheet of paper. Here we present a novel and facile method for the fabrication 
of paper-based microfluidic devices based on the hydrophobilization of the filter paper by formation of a hydrophobic 
OTS-SAL, followed by UV/O3-patterning via region-selective degradation of the OTS-SAL.  
 
EXPERIMENTAL 

Whatman No.1 paper was cut into appropriate size. The paper sheets were immersed in 0.1% (v/v) OTS solution in 
n-hexane at room temperature for 5 min to hydrophobilize their surfaces. After removed out of the solution, the sheets were 
put in nitrogen-based atmosphere to have the hexane evaporated. A quartz mask with designed microfluidic channel 
pattern was placed directly on the OTS-coated paper. The assembly was then exposed to the UV/O3 generated by PL16-110 
UV-cleaner (Sen Lights Corporation, Osaka, Japan) for 90 min to produce the designed hydrophilic channels. The UV-light 
power was measured 35 mW/cm2 at 254 nm. 

A μPAD for NO2
-  assay was fabricated. The device possessed flower-shaped designs with one central sample dosing 

zone, six channels and detection zones. During assay, 5 μL of indicator solution (consisted of 50 mM sulfanilamide, 330 
mM citric acid and 10 mM n-(1-napthyl)ethylenediamine in 80% methanol) was first pipetted onto the central sample 
dosing zone, and penetrated through channels to the detection zones in ca 5 min. Then, 0.2 μL of standard sample solutions 
containing different nitrite concentrations were pipetted onto the detection areas, each area for one standard. The detection 
areas soon changed their colors from slightly yellow to pink or red, depending on the nitrite ion concentration in the 
dropped solutions. After the spots dried in air (ca 5 min), the μPAD was placed on a desktop scanner for image collection. 
The images were converted to grayscale in Adobe Photoshop ® CS3. Calibration curve was made according to the 
measured gray intensities of the standards. 

RESULTS AND DISCUSSION 
SU-8 photoresist was used as a hydrophobic substance to define hydrophilic microchannels on paper in previous 

works [1]. However, it is expensive and needs to be processed in special clean room. In contrast, silanizing reagents such 
OTS are not so expensive as the photoresist, and the silanization can be conducted in ordinary chemical laboratories. 
OTS-SAL has been used to pattern surface hydrophobic and hydrophilic contrast of various silica-based materials [5]. 
However, it has not been exploited to pattern the hydrophobic and hydrophilic contrast on paper surface. 

We observed that after treated with OTS solution the filter paper became highly-hydrophobic. The measured water 
contact angles (WCAs) were in the range of 125–130°, indicating that a dense OTS-SAL was formed on the surface of the 
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paper. The hydrophobicity of the OTS-coated paper was very stable. The measured WCAs kept unchanged during storage 
at ambient temperature for 6 months or immersion in different organic solvents such as ethanol, acetone, n-hexane and 
methylene chloride for 24 h. The formed SAL can be degraded with UV/O3 treatment. The UV/O3-treated, OTS-coated 
paper (abbreviated as UV/O3-treated-OTS-paper) showed its hydrophilicity as the native paper had (water spread out 
quickly on the UV/O3-treated-OTS-paper surface). Fig.1 shows the XPS spectra of native filter paper, OTS-coated paper 
and UV/O3-treated-OTS-paper. The spectrum of native paper only contains the carbon and oxygen peaks. The appearance 
of silicon peak in the OTS-coated paper indicates the presence of OTS-SAL layer. C/O ratios of 2.2, 9.5 and 1 were 
observed for native paper, OTS-coated paper and the UV/O3-treated-OTS-paper, respectively. This confirms the chemistry 
changes in the paper surfaces due to the silanization and degradation of ODTA-SAL. The ATR-FT-IR spectra (Fig.2) also 
show the chemistry changes in the paper surfaces of native filter paper, OTS-coated paper, UV/O3-treated native paper and 
UV/O3-treated-OTS-paper. 

 

    
 
Fig.1 (Left) XPS spectra of native filter paper(a), OTS-coated paper(b) and UV/O3-treated OTS-paper(c).  
Fig.2 (Right) ATR-FT-IR spectra of native filter paper(a), OTS-coated paper(b), UV/O3-treated native paper(c) and 
UV/O3-treated-OTS-paper(d). 

                                               
By using a UV-photomask, patterning of hydrophilic-hydrophobic contrast on the OTS-coated filter paper can be 

realized. Fig. 3 shows the resolution of hydrophilic-hydrophobic contrast on filter paper provided by the developed 
method. The minimum widths of the prepared hydrophilic channels and hydrophobic barriers were 80 μm and 130 μm, 
respectively. 

 

     
                    (a)                                              (b) 

Fig.3 (a) The scanned image of straight hydrophilic channels on hydrophobic paper with different widths 
penetrated with Rhodamine B solution. (1~10, from left to right, each group containing 3 channels of identical width of 
80 μm, 125 μm, 165 μm, 215 μm, 250 μm, 300 μm, 420 μm, 510 μm, 590 μm, 680 μm).  (b) The scanned image of 
straight hydrophobic barriers on hydrophilic paper penetrated with Rhodamine B solution. (1~9, from the fourth of left to 
right, each group containing 3 channels of identical width of 130 μm, 170 μm, 250 μm, 350 μm, 440μm, 520μm). 

A paper-based microfluidic device with flower-shaped layout for colorimetric assay of nitrite ions was prepared. 
Based on on-chip Griess color-reaction, a typical calibration curve for nitrite ion is shown in Fig.4. 
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Fig.4 Colorimetric assay of nitrite anions via Griess color-reaction by using the prepared microfluidic paper device 
 
CONCLUSION 

Filter paper can be patterned with highly hydrophobic and hydrophilic contrast by means of OTS self-assembling 
and UV/O3-degradation of OTS-SAL through a photomask. With this approach, paper-based microfluidic devices with 
hydrophilic channels and hydrophobic OTS barriers can be prepared in ordinary chemical laboratories. The developed 
method features simple in operation, low in cost and no needs in clean room and expensive equipments herein. Further 
work on developing paper-based test strips for pesticides and contaminants residuals in foods and vegetables is 
undergoing in our laboratory. 
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ABSTRACT 

We propose an active micromixer using a metallized microturbine driven by an ultra-low power laser beam. The 
metallized microturbine is produced by two-photon microfabrication and electroless plating. Although conventional 
laser-driven micromachines need a high-power driving laser (~1 W), the metallized microturbine can be rotated at an 
ultralow power (< 1 mW). It is also demonstrated that the microturbine can be driven in a microchannel. The metallized 
microturbine will be applied to highly efficient laser-driven microfluidic devices such as active mixers and micropumps.  
 
KEYWORDS: Two-photon microfabrication, Electroless copper plating, Optically driven metallic microrotor 
 
INTRODUCTION 

Recently, a variety of micromixers have been widely developed in order to achieve highly efficient mixing in a 
microfluidic channel [1-3]. The mixing principles are divided in two classes: passive and active. Although passive devices do 
not require actuators for fluid mixing, relatively large, complicated three-dimensional microchannels are required. On the 
other hand, active micromixers are driven and controlled externally with magnetic forces, optical forces, ultrasound, 
electrowetting and so on [1-3]. In particular, optically driven micromixers using a tiny microrotor are suitable for 
miniaturization of mixing area, because the size of optically driven microrotors is much smaller than that of other mixing 
devices [3, 4]. In addition, since the use of optical force enables the driving of multiple components individually, optically 
driven microfluidic devices are suitable for highly integrated lab-on-a-chip applications including micromixers, micropumps 
and microvalves [5, 6]. However, since conventional optically driven microfluidic devices are made of polymers, a 
high-power laser beam is required to drive them due to the small magnitude of attractive optical forces. This is a crucial 
problem for practical use, because optical driving systems become large and expensive. 

In order to overcome the above problems, we developed an optically driven micromixer using a metallized microturbine 
produced by two-photon microfabrication and electroless plating [7]. The metallized microturbine can be driven by an 
ultralow-power laser beam, so that the driving system of metallized micromachines is small and inexpensive. The optically 
driven metallized micromachines are suitable for practical use. In our experiments, we developed a highly-efficient optically 
driven microturbine. The optical force exerted on the blade of the microturbine was evaluated by two-dimensional 
electromagnetic analysis to determine the optimal angle of the blade. A prototype metallized microturbine was fabricated and 
driven by a He-Ne laser at a power of 0.7 mW. Finally, we fabricated a prototype of an active micromixer using a metallized 
microturbine to mix multiple reagents in a microchannel. 

 
AN ACTIVE MICROMIXER USING A METALLIEZD MICROTURBINE 

We propose an active micromixer using a metallized microturbine (Figure 1). The active micromixer has multiple inlets 
and a single outlet. The microturbine is placed at the center of the chamber. Since the microturbine is rotated by repulsive 
forces imparted on the blades by a scanning a laser beam, the laser power required for driving a microturbine is one 
thousandth of that for a polymeric microrotor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.  Active micromixer using a laser-driven 
metallized microturbine. By scanning an ultralow-power 
laser beam, the microturbine can be rotated efficiently. 

Figure  2.  Fabrication process of an active 
micromixer. 

Reagent 4 
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microturbine 

Reagent 1 

Reagent 3 
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Figure 2 shows the fabrication process of an active micromixer. The details of the process are as follows: (Step 1) A 
microturbine without any supporting parts is fabricated on a glass substrate by two-photon microfabrication. (Step 2) The 
movable micropart is metallized by electroless copper plating. (Step 3) A microchannel is fabricated on the glass substrate 
around the metallized microturbine by two-photon microfabrication. As a result, an active micromixer can be constructed. By 
rotating the metallized microturbine, multiple reagents are sucked from multiple inlets and then are mixed in the outlet 
channel. 
 
ANALYSIS OF OPTICAL FORCE EXERTED ON A METALLIZED BLADE 

We investigated the optical forces exerted on microturbines with different blade angles by using two-dimensional 
electromagnetic analysis in order to maximize the rotation efficiency of the microturbine. Figure 3 (a) shows the side view of 
a tilted metallic blade irradiated by a Gaussian laser beam (wavelength: 633 nm, beam waist: 699 nm). In this model, a 
polymeric blade is coated with copper layer (thickness: 324 nm). Figure 3 (b) shows the electromagnetic field when a laser 
beam is focused on the blade tilted at a 45° angle. We calculated the net lateral force generated by repulsive force when a 
laser beam is focused on the center of the blades with different blade angles. Figure 4 shows the blade angle dependence of 
the net lateral force. From the result, we found that the maximum lateral force was obtained at a blade angle of 45°. Since the 
incident laser beam is totally reflected at the surface of the copper layer, the blade can be rotated efficiently.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 

 

Figure 4.  Dependence of net lateral optical 
force on blade angle. 

 

Figure 6.  Rotation speed of a 
microturbine vs. scanning speed of a 
laser beam (laser power : 0.7 mW). 

Figure 3. Analysis of optical force exerted on a metallized blade. 
(a)Simulation model (b) Electromagnetic field around a 
metallized blade tilted at 45°. 

Figure 5. Metallized microturbine produced by two-photon 
microfabrication and electroless copper plating. (a) SEM 
images (b) Optical image. Each scale bar is 10 μm. 
 

(a)                         (b)                 

Figure 7.  SEM images of an active micromixer (a) Top 
view (b) Birds-eye view. Each scale bars is 10 μm. 

Figure 8. Rotation of a metallic 
microturbine in a microchannel. 

(a)                         (b)                 

1265



FABRICATION OF A METLLIED MICROTURBINE 

A microturbine with blades tilted at a 45° angle was fabricated by two-photon microfabrication and electroless copper 

plating. Figure 5 shows SEM and optical images of a metallized microturbine (diameter: 40 m). The tilted blade is curved so 
that a focused laser beam is reflected outside of the microturbine, enabling us to achieve highly-efficient continuous rotation 

of a microturbine owing to unidirectional optical torque.  

 
EXPERIMENTAL VERIFICATION OF THE ROTATION OF A METALLIZED MICROTURBINE 

We rotated the metallized microturbine by scanning a He-Ne laser beam (wavelength: 633 nm). The microturbine was 

located in glycol ether ester. The metallized microturbine could be rotated at a laser power of 0.7 mW under the objective 

lens. The orbital radius of the scanning laser beam was 15 μm. We investigated the rotation speed of the microturbine with 

different scanning speeds of the laser beam. Figure 6 shows the dependence of the rotation speed of the microturbine on the 

scanning speed of a laser beam. The rotation speed of the microturbine is proportional to the scanning speed of a laser beam. 

The maximum rotation speed achieved at 273 rpm at a scanning speed of laser beam of 603 rpm. Use of repulsive force made 

possible to rotate metallized microturbines at a laser power of less than 1 mW. 

 

DEMONSTRATION OF AN ACTIVE MICROMIXER USING A METALLIZED MICROTURBINE 

We fabricated an active micromixer consisting of a microturbine and a microchannel by two-photon microfabrication. 
Figure 7 shows SEM images of an active micromixer. The microchannel was fabricated around a metallized microturbine by 

two-photon microfabrication. The metallized microturbine was driven in the microchannel by scanning a He-Ne laser beam. 

Figure 8 shows the rotation of a metallized microturbine in the microchannel. To demonstrate fluid mixing, silica 

microparticles (diameter: 2 m) were dispersed around the micromixer, and then the microturbine was rotated by scanning a 
laser beam. As a result, the microparticles quickly aggregated around the inlets of the mixer, demonstrating that the rotation 

of the metallized microturbine can generate flow inside the microchannel. We also observed thermal heating effects during 

laser irradiation. In the near future, we will analyze the mechanism of flow generation during rotating a microturbine by 

scanning a laser beam. 

 

CONCLUSION 

  We developed a metallized microturbine by two-photon microfabrication and electroless copper plating. The metallized 

micromachines can be driven by an ultralow-power laser beam (< 1 mW) because a large repulsive force is generated on the 

metallic blade due to the reflection of a laser beam. In addition, we succeeded in rotating the microturbine inside the 
microchannel, and generating flow around the microturbine. In the near future, optically driven metallized micromachines 

such as micromixers and micropumps will be applied to low-cost, high-performance, lab-on-a-chip devices. 
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ABSTRACT 

   Biocompatible packaging is crucial in developing implantable sensors. It should allow solutes of interest to diffuse 

through while minimizing inflammatory response to the packaging and the sensors. In this study, a cage system made of a 

metal mesh cylinder surrounded by a polyvinyl alcohol (PVA) sponge material was implanted into rats, and fibrotic tissue 

was formed around the cage system. We then experimentally investigated the permeation rate of solutes (Na, K and Cl) 

through the fibrotic tissue using a microfluidic device, and found that diffusion coefficients with respect to all the 

solutions were on the order of 10-10 m2/s, which increased with the flow rates. 

 

KEYWORDS: 

Biocompatible packaging, Fibrotic tissue, Diffusion 

 
INTRODUCTION 

   Implantable sensors have been studied to achieve in situ and long-term monitoring of our health without restricting 

patients’ activities. Biocompatible packaging is crucial in such applications that allow the sensors to access target 

physical and state quantities while minimizing the effect of the body’s inflammatory response onto the sensors. A cage 

implant system was previously proposed, onto which fibrotic tissue formed as a part of the body’s natural reaction to 

foreign materials [1]. It is important to calculate the diffusivity of the solutes of interest because some sensors, such as 

glucose sensors, need contact with the solutes to measure their quantities. In the present study, a cage system made of a 

metal mesh cylinder surrounded by a polyvinyl alcohol (PVA) sponge material was implanted into rats, and fibrotic tissue 

was formed around the cage system. In this paper, we investigated the diffusivity of solutes to be measured through the 

fibrotic tissue. 

 

THEORY 

   Figure 1 illustrates the concept of the micro fluidic 

system to calculate solute diffusion coefficients through 

fibrotic tissues. This device has a micro channel whose 

cross section is a rectangle with a depth of ℎ, width of 𝑤 

and length of 𝐿. Two types of liquids, as solutions A and 

B, flow in the two separate channels. The diffusion 

coefficient 𝐷𝑐 [m2/s] of a solute can be calculated using 

the following equation; 

𝐷𝑐 =
𝑄 ∙ 𝐻

𝐴𝑟
𝑙𝑛

𝐶    − 𝐶    
𝐶     − 𝐶     

   

Figure 1. Microfluidic diffusion experiment setup 
using the fibrotic tissue. The diffusion coefficient 
can be derived from the measurement of the solute 
concentrations at the outlets. 
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where 𝑄 is the flow rate [m3/s], 𝐻 the tissue thickness [m], 𝐴𝑟 the channel area [m2], 𝐶 the concentration [M], A,B the 

solution type, and in, out indicating inlet/outlet. 

 

EXPERIMENTAL 

   As shown in figure 2, we manufactured metal mesh 

cages made of a stainless steel mesh sheet rolled into a 

cylindrical shape, which were then covered with a PVA 

sponge sheet. They were implanted into the back flanks of 

rats (n=two cages/rat) for five weeks, during which 

fibrotic tissues were uniformly formed around the cages. 

We carefully peeled off the tissue from the cages and 

sandwiched it in between two microfluidic channels. The 

tissue thickness was found to be approximately 300 m.  

 

   Figure 3 shows the schematic of the microfluidic 

device made of polymethyl methacrylate (PMMA). The 

two opposing plates with channel structures were screwed 

together with the fibrotic tissue in between to make sure 

no leakage took place. We used sodium, potassium, and 

chloride as the solutes. We had phosphate buffered saline 

(PBS) with a solute dissolved on one side and pure PBS 

on the other side of the channel, flowing at the same flow 

rate and in the same flow direction. We then calculated 

the diffusion coefficients of six cage samples with respect 

to the flow rates of 5 to 100 μL/min.  

 

 

RESULT AND DISCUSSION 

   Figure 4 shows the photos of a fibrotic tissue formed around a mesh cage covered with PVA sponge. Only a small 

amount of tissues were formed inside the cage.  

As shown in Figure 5, the diffusion coefficients with respect to all the solutes were on the order of 10-10 m2/s. The 

diffusion coefficients increased with the flow rates, the cause of which still needs to be investigated, since the diffusion 

coefficient is a property of a tissue and should not be dependent on the flow rates.  We hypothesize that this 

phenomenon may be  due to the affinity of the solutes with the membrane.  Large flow rates might have induced large 

shear stresses on the membrane, which could have facilitated the solutes to be diffused into the media. 

 

 

 

 

Figure 2. Schematic of a cage system for 
implantation into rats.  A metal mesh cage is 
wrapped with a PVA (polyvinyl alcohol) sponge 
sheet. 

Figure 3. Microfluidic device to measure diffusivity 
of solutes through a fibrotic tissue 
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CONCLUSIONS 

We experimentally investigated the diffusion coefficients of some salts found in the body fluid through the fibrotic 

tissues formed around a protective cage system, which can potentially be used as a biocompatible packaging system.  

The results show that it is possible to build a protective cage system that allows passage of salts through the fibrotic 

tissue and potentially house an implantable sensor in vivo. 
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(a) (b) 

Figure 4. Photos of a fibrotic tissue formed around a mesh cage covered with PVA sponge. (a) Side 
and (b) cross-sectional views of the tissue and the cage. 

Figure 5.  Relationship between the flow rate and the diffusion coefficient using tissues explanted 
at 5-week time point (n=6; 3 measurements/sample). The diffusion coefficients increased with the 
flow rate. 
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ALL GLASS-BASED ACTUATOR FOR VALVES AND PUMPS USING 
ULTRA THIN GLASS MEMBRANE AND PIEZO ACTUATORS  

Yo Tanaka 1
1Quantitative Biology Center, RIKEN, Japan 

ABSTRACT 
Here, an electric actuator in all glass-based microchip was demonstrated.  Firstly, ultra thin glass was installed 

in a microchip and the actuation of the glass in small area was demonstrated manually.  The glass ribbon 
displacement was more than 100 μm.  Secondly, an all glass-based microchip with valve structure using glass 
ribbon was fabricated, and switching valve function was demonstrated using an electric piezo actuator.  Flow in two 
channels was smoothly switched.  This is the first demonstration of local fluid flow control using valves in a totally 
glass-based microchip. 
 
KEYWORDS 
Actuator, Glass ribbon, Valve, Pump 

 
INTRODUCTION

In μTAS field, most of researchers use polydimethylsiloxane (PDMS) microchips.  This is because PDMS is 
easy to be fabricated, the material is reasonable and also the flexibility is very useful for liquid handling in a 
microspace [1].  However, there are several disadvantages such as chemical instability, detection limit and 
fabrication limit (especially for high pressure in small channels).  By contrast, Kitamori et al. developed 
glass-based microchips for multi-propose chemistry integration [2].  However, glass is not flexible, and easy to be 
broken with physical stress.  Thus, direct liquid handling system such as valve, pump and other mechanical devices 
is really difficult.  Although such kind of actuator on a glass microchip was partially reported, the main actuation 
parts are not glass [3].  On the other hand, by recent fabrication progress of glass, ultra thin glass ribbon (thickness: 
6 um) appeared (shown in Figure 1).  This is enough flexible for liquid handling and also not so easy to be broken 
because of very smooth surface and edge.  By using this, chemical and physical stability, dead volume and response 
time will be improved much compared with conventional PDMS valves.  Glass ribbon is fabricated by overflow 
fusion downdraw process [4] and commercially available.  The objective in this report is to demonstrate the 
actuation of liquid in microchannels using this very thin and flexible glass.  

 

PDMS
Air pressure

PDMS, Air press valve on chip (Slow, Large dead volume) All glass & Rapid actuation & Small dead volume

Glass

Glass ribbon (5 µm thick) Glass sheet (30 µm thick)

Thin, flexible, tough glass

Braille display
Bimorph-type piezo actuator

Piezo actuator

Pin

Glass

 
 
Figure 1: Concept of all glass-based actuator (valve) using thin glass ribbon (6 μm thickness) and bimorph type 
piezo actuator.   

EXPERIMENT 
Firstly, whether glass ribbon (ultra thin glass) could be actuated in small area or not was confirmed to 

demonstrate that the glass ribbon could be used for microfluidic device components.  For this purpose, a very 
simple experiment was carried out.  A 4 mm diameter hole was made in a PDMS sheet and glass ribbon (shown in 
Figure 2) was sealed on the sheet.  Then, the PDMS sheet was immobilized on the microscope stage, and the glass 
ribbon part was observed from side view using a microscope.  After that, 1 mm cubic PDMS block was placed in 
the center of the glass ribbon to protect glass ribbon, and the glass ribbon was fluctuated manually by using a pair of 
tweezers trough the PDMS block to measure the displacement. 

Secondly, a glass microchip with two substrates (upper and lower) and glass ribbon was fabricated for 
demonstration of all glass-based microvalve (switching valve).  Glass substrates were 7×3 cm non-alaki glass and 
the channel design is simple Y-shaped structure.  After the branch structure, there was a valve in both channels.  
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Before experiments, the substrates were annealed for stable etching and washed by piranha solution and ultra pure 
water.  First, Cr and Au were spattered on the substrates and photoresist was coated on the glass substrates using a 
spin coater.  Then, the substrates were exposed by UV through a Cr photomask with chamber and channel pattern 
using a mask aligner.  Then, they were rinsed by Cr and Au etchant to remove the metal layers, and then immersed 
in 50% HF solution to etch to 20 μm depth (for upper substrate with chamber, 3 mm diameter) and 50 μm depth and 
100 μm width (for lower substrate with channel).  After that, penetrate holes for fluid flow (0.4 mm diameter) were 
made by a milling machine in the upper substrate at inlet, outlet and valve parts.  The two substrates were carefully 
washed by acetone, Cr and Au etchant, and piranha solution and ultra pure water, and then fused in a vacuum 
furnace, and finally the chambers were sealed by glass ribbon and again fused in a furnace to complete the 
microchip. 

A piezo actuator and a zig were customized for actuator (valve) demonstration as shown in Figure 3.  The piezo 
actuator is just modification of actuator for Braille display [5].  The actuator force per 1 pin was about 200 mN 
which corresponds to about 30 kPa in the 3 mm chamber.   

 

5 mm

 
Figure 2: An actual picture of glass ribbon (6 μm thickness) used for this experiment.  The ribbon was cut in a 
desired length. 

 

Controller

Hand switch (on-off)

Jig

Actuator

Pin
Microchip

 
Figure 3: An actual picture of a piezo actuator with a controller.  Glass ribbon installed in a glass microchip was 
pressed by the pins of this bimorph type piezo actuator. 

 
 

RESULTS AND DISCUSSION 
In the first experiment, displacement of glass membrane was observed by using a pair of tweezers as shown in 

Figure 4.  Displacement was 110 μm which was almost just as calculated.  To demonstrate no leakage, water was 
introduced in the chamber, and water did not get out from the chamber.  Even after several times trial, glass was not 
broken.  From this result, it was demonstrated that glass ribbon could be used for flexible materials for fluid control 
in a microchip. 

 

110 µm

4 mm

2 mm

PDMS Glass ribbon

Tweezers

 
Figure 4: Cross sectional view for demonstration of actuation of glass ribbon manually.  4 mm chamber was sealed 
by glass ribbon.  Maximum displacement at the center part of the chamber was about 110 μm which is enough for 
valve and pumps.   

 
 
In the second experiment, switching valve function was verified using a Y-shaped branch channel microchip.  
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As shown in Figure 4, a microchip made of non-alkali glass was fabricated.  In this microchip, two chambers (20 
μm height, 3 mm diameter) sealed with 6 μm thickness glass ribbon for valves were installed after the branch part.  
On this structure, piezo electric actuator shown in Figure 3 was installed.  The actuator could be on-off controlled 
manually using a hand switch.   

For demonstration of switching, a solution with 2 μm fluorescent polystyrene microbeads was introduced to 
visualize fluid by a syringe pump at 1.0 μL/min from the inlet (left side of Figure 5(A)).  The branch part was 
observed by a fluorescent microscope.  When both valves were open, fluid flowed in both channels.  On the other 
hand, fluid only flowed into upper channel and the flow in the bottom channel was stopped as shown in Figure 5(C) 
after closing the valve in the bottom channel.  Response time required to switching the flow was within 1 s.  From 
these results, valve function of all glass-based microchip was demonstrated. 

 

Microchannel
100 µm

Flow

(A)

(B) (C) Valve open Valve close

Valve

 
Figure 5: Demonstration of a switching valve.  (A) A fabricated all glass microchip.  (B) Transmitted light 
observation of a branch part.  (C) Fluorescent light observation of fluid visualized by polystyrene tracking particles 
to demonstrate switching flow.   

 
 

CONCLUSION 
In this report, an all glass-based actuator for valves and pumps using ultra thin glass and piezo actuators was 

fabricated and demonstrated.  Because this actuator has very small dead volume, response time, this is 
accommodated for single very small cell handling and other biological applications.  Furthermore, this is very 
useful for glass-based integrated chemistry.  So, this system can contribute to most of the micro unit operations 
(MUOs) process or continuous flow chemical processing (CFCP) systems [2].   
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AN ELECTRONIC PIPETTE COMPATIBLE MICROFLUIDIC CHIP FOR 
CONTINUOUS PROCESSING OF SIZE-DEPENDENT CELL DEPLETION 

AND IMMUNOHISTOCHEMISTRY   
Shohei Kaneda1, 2, 3, Ayako Araki1, 3, Teruo Fujii1, 2, 3 

1Center for International Research on Micronano Mechatronics, Institute of Industrial Science, University of Tokyo, 
Japan, 2LIMMS/CNRS-IIS (UMI 2820), Institute of Industrial Science, University of Tokyo, Japan, 3JST-CREST, 

Japan 
 
ABSTRACT 
    In this paper, a microfluidic chip for a continuous processing of size-dependent cell depletion by microfiltration 
and following immunohistochemistry for a specific antigen expressing on surfaces of separated cells is presented. 
The microfluidic chip can be connected directly with a conventional electronic pipettor for liquid handling and small 
enough (within 1 cm3) to be dipped into a centrifuge tube for the processing. As a demonstration, size-dependent 
separation of U937 cells as target cell from a suspension containing red blood cells by using microfilter on the chip 
and following immunohistochemistry for CD45 on the cell surfaces of target cell is continuously conducted on the 
chip. The small size of the chip and the way of liquid handling using conventional electronic pipettor and centrifuge 
tube make the chip to be an easy-to-use tool for the processing without any other special equipment like centrifugal 
machine or syringe pump. 
 
KEYWORDS 
Cell separation, Cell size, Immunohistochemistry, Electronic pipette  

 
INTRODUCTION 
    In the past two decades, microfluidic technology offers advanced tools for cell biology study [1, 2], 
reconstruction of tissues and organs in vitro [3], detection of rare tumor cells in blood [4] and so on. However, 
except for commercialized automated microfluidic systems [5], general use of microfluidic device for cell processing 
in common laboratory is still limited. One typical hurdle for this is difficulty in liquid handling on microfluidic 
devices using special and expensive equipment like syringe pump and complicated tubing. Here, we present a small 
microfluidic chip for continuous processing of size-dependent cell depletion by filtration and immunohistochemistry 
for a specific antigen on surfaces of separated cells by using a conventional electronic pipettor for liquid handling 
and centrifuge tubes for changing liquid used in the chip. This proposed chip allows the processing without any other 
special equipment like centrifugal machine or syringe pump and complex tubing for microvalves shown in 
conventional microchannel-based microfluidic devices. 

 
EXPERIMENTAL 

As shown in Figure 1A, the developed microfluidic chip can be connected to an electronic pipettor (Portable BD 
Falcon™ Express™ Pipet-Aid®, BD Biosciences) via a 2-mL pipette tip (Serological pipette, Nunc). The chip 
consists of a cap part to connect with the pipette tip and a microflilter layer made of PDMS, and a glass support 
(10-mm diameter) to seal microfilter structures on the microfliter layer (Figure 1B). The cap part equipped with a 
port of 3.5 mm works as connector between the pipette tip and the microfilter layer. In the microfilter layer, a 
reservoir port of 2 mm is fabricated to access the port on the cap part (Figure 1C). Figure 1D shows microfilter (25 
µm width, 7.6 µm depth) on the chip. As shown in Figure 1D, a 10-µm (yellow) and a 16.5-µm (blue) fluorescent 
bead are successfully trapped by the microfilter. 

Figure 2 shows schematic representation of continuous processing of size-dependent cell depletion and following 
immunohistochemistry using the chip. The depletion of small sized cells is conducted by pipetting (dispensing and 
aspiration) of sample cell suspension in a centrifuge tube containing appropriate buffer to remove smaller cells than 
the microfilter (Figure 2A). Following process of immunohistochemistry is implemented by aspirating a solution of 
fluorescent-labeled antibody, mixing and incubation (Figure 2B). The rinsing of unbound antibodies is conducted by 
the same manner with the previous depletion process (Figure 2C). Figure 1E shows actual image of the chip dipped 
in a 15-mL centrifuge tube (Centrifuge Tubes with Triple Seal Cap, Iwaki) for both cell depletion and rinsing 
process. To check the feasibility of the chip for the continuous processing of size-dependent cell depletion and 
following immunohistochemistry, a cell suspension containing U937 cells (Human leukemic monocyte lymphoma 
cell line; average cell size: 11 µm) as target cells and red blood cells (RBCs; average cell size: 6 µm) was used as a 
model cell suspension (1 ! 106 cells/mL each, totally 0.9-mL). CD45 was chosen as a specific antigen expressing on 
the surface of target cells and a fluorescent-labeled anti-CD45 antibody (CD45 Mouse Anti-Human mAb (clone 
HI30), PE Conjugate, Life technologies) was used for the immunohistochemistry process. Centrifuge tubes 
containing of a culture medium of 5mL were used for both cell depletion and rinsing process of 
immunohistochemistry. In the cell depletion process and rinsing process of immunohistochemistry, pipetting 
(dispensing and aspiration) of cell suspension of 0.7 mL were repeated twice with the culture medium used as 
rinsing buffer. After the rinsing process of immunohistochemistry, cell suspension of 0.9 mL was enriched to 0.2 mL. 
Then the efficiency of the depletion of RBCs from the suspension and immunohistochemistry process was evaluated 
by using an image-base cytometer (TaliTM, Life technologies). 
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RESULTS AND DISCUSSION 
  To characterize flow in the chip generated by the electronic pipettor, DI water was used. The flow rates of 
dispensing and aspiration are calculated by the time required for processing 100-µl DI water. As shown in Figure 3A, 
the flow rates of dispensing and aspiration are 11.4 µl/s and 7.2 µl/s respectively. These flow rates are over one 
hundred smaller than that of the flow rates in pipette tip without the chip (data not shown). This accounts for the 
higher hydrodynamic resistance of the chip. Figure 3B shows histograms of cell size before and after the continuous 
processing of size-dependent cell depletion and following immunohistochemistry of CD45 of separated cells. The 
black bars in Figure 3B show the cell number of RBCs of 6 µm and U937 cells of 11 µm. Figure 3C shows relative 
cell number of RBCs of 6 µm against U937 cells of 11 µm. The concentration of both RBCs and U937 cells in 
sample suspension is initially same concentration at 1 ! 106 cells/mL, however, the relative number of RBCs at 
before the processing is larger than that of U937 cells. This is because higher uniformity of cell size of RBCs than 
that of U937 cells. As shown in Figure 3C, the relative number of RBCs is decreased by the cell depletion process on 
the chip (before: 1.30 and after: 0.76). After the depletion process, CD45 (leucocyte common antigen) expressed on 
the separated cells are stained with PE-conjugated anti CD45 antibodies (incubated for 10 min at room temperature). 
Shift of fluorescence signal by the immunohistochemistry process are successfully observed as shown in Figure 3D 
(cytometry) and Figure 3E (fluorescence images). The continuous processing were performed within 30 min 
including 10-min incubation of immunohistochemistry.  
 

 

 
Figure 1. Microfluidic chip for size-dependent cell depletion and immunohistochemistry. (A) Photograph of the 

microfluidic chip connected to the electronic pipettor via the 2-mL pipette. (B) Magnified photograph of the chip. 
The chip consists of the cap and the microfilter layer made of PDMS, and the glass support. The access port of 
3.5-mm diameter on the cap is connected with the tip of the pipette. (C) Micrograph of the microfilter layer. 2-mm 
reservoir port is punched on the microfilter layer. (D) Magnified photograph of the microfliter structures (white 
colored area) shown in dotted line square in Figure 1C. The width and depth of the microfilter are 25 µm and 7.6 µm 
respectively. A 10-µm (yellow) and a 16.5-µm (blue) fluorescent bead are trapped by the microfilter. (E) 
Microfluidic chip dipped in the centrifuge tube. Exchange of liquid inside the chip is implemented by dipping the 
chip into the centrifuge tube containing desired solution and following pipetting. 
 
 

 
Figure 2. Schematic representation of the continuous processing of (A) size-dependent cell depletion, (B) 

immunohistochemistry and (C) rinsing to remove unbound antibodies. All liquid handling is implemented by 
combination of both manipulation of electronic pipettor and changing of centrifuge tubes.  
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Figure 3. Results of flow characterization of the chip and continuous processing of size-dependent cell depletion 
and following immunohistochemistry of CD45. (A) Flow rates of DI water in the chip generated by the electronic 
pipette. The speed range of the pipettor is set to “Fast” mode. The error bars represent standard deviations from these 
measurements (N = 3). (B) Histograms of cell size before and after the continuous processing. Black colored bars in 
the histograms show average cell size of RBCs (6 µm) and U937 cells (11 µm) respectively. (C) Relative number of 
RBCs against U937 cells before and after the processing. The number of RBCs of 6 µm is normalized by the number 
of U937 cells of 11 µm. (D) Cytometry data before and after the processing. For the immunohistochemistry, 
PE-conjugated anti-CD45 antibodies were used. (E) Transmission (upper) and fluorescent (lower) image pairs before 
and after the processing. The arrows in the transmission images show RBCs. (Scale bars: 100 µm) 
 
 
CONCLUSION 
  In this paper, we report a microfluidic chip for a continuous processing of size-dependent cell depletion by 
microfiltration and following immunohistochemistry for a specific antigen expressing on separated cells without 
using expensive and special equipment like centrifuge machine and syringe pump. Since all liquid handling carried 
out by using just electronic pipettor and centrifuge tubes that conventionally and generally used in usual laboratory, 
we believe the compatibility of the chip for experimenter is higher than that of microfluidic devices developed 
previously. Although improvement of purity for target cell after cell depletion process should be required, with the 
improvement, for example, the developed microfluidic chip would be further applied to a rapid and easy tool to 
isolate of leukocytes from peripheral blood. 
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ABSTRACT 
 We report a lab-on-chip device to study liver function enhancement by mimicking a liver tissue with its 
sinusoid on a 3D biomimetic chip. The device procures a thin polydimethylsiloxane membrane with an array of 
holes etched in it and sandwiched in the center of the microchannel to form upper and lower microchambers. 
Hepatocytes and fibroblasts were co-cultured on the upper chamber to mimic liver while the endothelial cells 
were cultured at the bottom micro chamber to provide nutrients to the in vitro reconstructed liver tissue in the 
upper chamber and as well to mimic vascular system at the cellular scale. 
 
KEYWORDS 
   Lab-on-chip device, 3D biomimetic chip, polydimethylsiloxane membrane, cell co-culture  

 
INTRODUCTION 
 The liver is one of the most complicated organs of human body. It has over 500 kinds of important functions 
such as, secreting albumin, urea producing, bile, carbohydrate storing, supersession and also the first line of 
defense in human body [1, 2]. We find a lot of obstacles in developing and repairing of the organs. To rebuild an 
organ is extremely difficult in medical science and therefore we try to reconstruct a liver tissue in vitro in order to 
carry on the research (drug screening) into liver that function easier. 
 The liver and blood circulation is closey related. There is a big crack between the cells-cell interjuction and 
many processes are involved in this micro circulation. Liver is an organ with many microvascular systems 
present within, in order to synthesize and metabolize various proteins. The blood capillaries present will have 
minute holes through which the liver in macrocosm receives proteins. It is crucial to synthesize plasma protein 
and metabolizes the product in combination with blood plasma protein.   
 The development of MEMS-based biochips that reproduce complex organ-level pathological responses could 
revolutionize many fields, including toxicology and the developmental process of pharmaceuticals that rely on 
animal testing and clinical trials. It is important to provide the nutrients, oxygen and growth factors to enhance its 
function and this is achieved by mimicking the liver sinusoids in this reconstructed tissue. Microfluidic 
technology offers great advantages over the conventional methods towards mimicking the cellular 
microenvironment [3] which makes it possible to reconstitute the organ level function on chip [4]. 
 
EXPERIMENT 
   Liver transports the nutrients to the interstitial fluid through the capillary and it uptake the nutrients from the 
blood through the cell membrane.  

Besides, the waste products will be transported through the cell membrane to the interstitial fluid, entering 
the endothelial cell which is located at the interface between the blood and the vessel wall, next to the plasma to 
accomplish the metabolism as illustrated in Fig.1. 

Figure 1:Cross-section of blood capillary. Blood capillary is involved in exchanging nutrients and waste 
chemicals between the blood and surrounding tissues by diffusion mechanism. 
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The micro fabrication process of the chip is represented in Fig. 2. Cylindrical microstructure with dimension 

13~15 μm was fabricated on the silicon wafer. A thin layer of PDMS was spun coated on the Si-wafer (Fig. 2d) 

and another PDMS structure is bonded to the thin layer to form the upper channel of the chip (Fig. 2e). 

Tetra-n-butylammonium fluoride (TBAF) is injected in the upper channel for etching the PDMS (Fig. 2f) in order 

to obtain a porous PDMS membrane. The membrane is then peeled off and bonded to PDMS channel to obtain 

the complete chip (Fig. 2h). 

Figure 2: Micro-fabrication process of the biomimetic chip. 

 

HMEC-1 cells are cultured in the lower channel to form a sinusoid like structure as depicted in Fig. 3. The 

HepG2 and 3T3 cells are co-cultured to mimic liver tissue in the upper channel and the continuous perfusion of 

the medium from bottom channel to top channel supplies nutrients to the tissue. With the simulation result shown 

in Fig. 3 we can confirm that fresh nutrient is diffusing to upper structure gradually. As time progress the entire 

chamber gets filled with the medium. The simulation reveals the concept utilsed in this chip. Thus, the liver 

tissue can continuously be supplied with fresh nutrient by diffusion from bottom channel. 

Figure 3: Porous PDMS membrane is sandwiched between two PDMS channels. In the lower channel HMEC 

cells are cultured to mimic the micro-vascular system. The simulation reveals fresh nutrient (pink color) is 

diffusing to upper structure gradually. As time progress the entire chamber is filled with medium channel. 

 

In Fig. 4 the green fluorescence exhibited by HMEC-1, shows the sinusoid like structure that mimics the 

micro-vascular system whereas HepG2 and 3T3 cells cultured in the upper channel exhibit red fluorescence. 
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 Figure 4: Green fluorescence shows that HMEC-1 cells are cultured in the lower channel to exhibit a sinusoid 

like structure for mimicking the micro-vascular system. HepG2 and 3T3 cells exhibit red fluorescence cultured, in 

the upper chamber. 

 In Fig.5 illustrate urea secretion for the microvascular system integrated chip and co-cultured tissue assayed 

and the results suggested enhancement in liver function for biomimietic chip. The urea secretion affirmed that 

nutrients were transported by the micro-vascular system integrated in the bio-chip. 

 

 Figure 5: (a) The image of the chip used throughout the experiment. (b) Urea synthesis for individual trait of 

cell is elucidated. Here we compare three different cell types. (c) Urea Assay results emphasize that using this 

system the liver function would be enhanced up to 49%. 

 

CONCLUSION 

 We were successful in mimicking the nutrient transport function of microvascular system in the liver from 

Urea assay results. We believe that this cell co-culture device with continuous perfusion system will serve as a 

platform for studying hepatocyte derived functions and analyze the effect of hepatotoxic chemicals and drugs. 
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ABSTRACT 
    In this research, we present an electrically stimulated membrane-based drug delivery device to release drugs on 
demand. Hydrogels with ionic model drugs were sealed in a cylindrical reservoir with a separation membrane. An 
electric field was generated across the drug container and ionic drug molecules were expelled from the hydrogels 
into bulk solution in vitro. Drug release rates were found to be proportional to the applied electric field strength.  
Pulsatile drug release in response to alternating the electric field was achieved with an on/off ratio up to 10. The 
release rate can further be controlled by programming voltage waveform to deliver ionic drugs on demand. 
 
KEYWORDS: Programmable drug delivery, Electric stimulus, Pulsatile drug delivery systems. 

 
INTRODUCTION 

Recent development in drug release devices has shown its capability in delivering accurate amounts of drug at 
specific location. Various types of drug release devices, such as hydrogel[1], nano-particles[2], and membrane-based 
reservoir devices[3], have been extensively studied in the literature. Among many drug delivery devices, pulsatile 
drug delivery systems (PDDS) have drawn attention recently because PDDS allows repeatable and reliable drug 
release flux for clinical needs. In this research, an electrically driven drug release device is developed based on 
electrophoretic nature of drug molecules. Hydrogels containing ionic drugs were sealed in a cylindrical reservoir of 
45 μL with a separation membrane. Two screen-printed carbon-paste electrodes parallel to the reservoir are used to 
develop an electric field inside the drug container. A model ionic drug, methylene blue, was used to demonstrate the 
capability of this device. With a constant DC applied voltage, the ionic drug molecules from the device with the help 
of an external electric field. The release rates from the device are proportional to applied voltages, and can be 
controlled within an order of magnitude. By programing the voltage waveforms, pulsatile drug release can also be 
achieved with an on/off ratio up to 10. 

 
EXPERIMENT 

The electro-stimulated membrane-based drug delivery device is composed of a top electrode, separation 
membrane, drug reservoir, and a bottom electrode (Fig.1a). First, a hollow drug reservoir was made by compressing 
hot ethylene vinyl acetate (EVA) melt on an aluminum mask. The main body of the reservoir is a cylinder of 3 mm 
in diameter and 1.5 mm in height. Above the cylinder, a small pin hole of 500 um in diameter was used as a drug 
release channel.  A piece of PTFE membrane was gently put right above the pin hole and bonded to the reservoir 
thermally. Then, a top electrode was screen-printed on the EVA reservoir surface with carbon paste. Next, 45 μL of 
drug-containing gel was loaded in the reservoir with a pipette. An EVA slab with screen-printed bottom electrode 
was sealed under the reservoir with EVA melt in order to prevent leakage. Electric wires were used to connect the 
electrodes with a DC voltage source for drug release test. Finally, we demonstrate the performance of the drug 
delivery device (Fig.1b). 

 

 
 

Figure 1：a) The schematic diagram for the electrically stimulated membrane-based drug delivery device. 
    b) A submerged device containing methylene blue in PBS solutions with an applied voltage of 7 V. 
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RESULTS AND DISCUSSIONS  
Fig. 2 shows an example of pulsatile release of MB by modulating applied voltage waveforms. Initially, to reduce 

the diffusional drug release, a negative bias voltage was applied on the bottom electrode to hold the positively 
charged MB molecules. In the bulk solution, nearly no MB was detected within the first 20 minutes, and the color of 
the separation membrane remained unchanged (white). At t=20 minutes, the applied voltage at the bottom electrode 
was switched to +3.5V, and MB started to release quickly. Within 10 minutes, one can observe a blue spot on the 
separation membrane, indicating the permeation of MB through the membrane. MB was then detected in the bulk 
solution from UV spectra. After 20 minutes of applying +3.5V voltage, the release rate reached a plateau and was 
kept constant in the next 20 minutes. To shut off the drug release, the voltage at the bottom plate was switched to 
-3.5 V again at t=59 minutes. The release rate dropped down quickly to a low level within 5 minutes but with a small 
release rate possibly due to the diffusion of residual MB in the membrane. The response in drug release rates to 
electrical stimuli is so fast that the absorbance profile presents nearly like a square wave as that of applied voltage.  
Thus, the applied voltage waveform can be further modulated to program the drug release rates. 

The drug release rate can be further modulated by programming the voltage waveforms. A square wave sequence 
with a fixed amplitude was used to test the device performance on sequentially pulsatile drug release Fig.3. Each 
pulse cycle contains two modes: the device releases MB at the “on” state by applying a positive voltage at the 
bottom electrode. The drug molecules are expelled by the bottom electrode and move toward the bulk solution, and 
hence release large amount of drugs. In the opposite, the device will be at the “off” state at a negative applied 

voltage. The data show when the applied voltage is 3.5 V, the difference in release rates between on and off states 
with an on/off ratio of 10. 
 

 
 

Figure 2：On/off trigger test for pulsatile drug delivery. (a) The applied voltage waveform for pulsatile drug 
release. (b) The response in absorbance of bulk solution at 663 nm.  The inset pictures show the 
color transition of the separation membrane at different times as pointed by the arrows.  

 

a) 

b) 
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Figure 3：(a) The waveform for sequential pulsatile drug release: each on/off cycle contains a positive voltage to 
turn on the pulsatile release and a negative voltage to turn off the release rate. (b) Release rates of 
MB over four successive on/off cycles at various applied voltages.  

 
Conclusions 

In this research, an electrically driven drug delivery device is fabricated to actively eject ionic drugs multiple 
times from a membrane-sealed reservoir of 45μL into surrounding fluids. Methylene blue (MB), a cationic drug, was 
used as a model drug to test the capability of the fabricated device. This drug delivery device shows the feasibility of 
applying electrophoretic approach to deliver ionic drugs. By applying specific electric waveforms, one can control 
not only the drug release rates but also the timing of drug release. Same approach can be further extended to other 
ionic drugs, such as insulin, micelles, vesicles, and surface charged nanoparticles for the realization of drug release 
on demand. 
 
Acknowledgement 

National Science Council of the Republic of China partially supported this work under contracts NSC 
100-2120-M-002-013 and NSC101-2221-E-002-177-MY2. 
 
REFERENCES 
1. Satarkar, N.S., D. Biswal, and J.Z. Hilt, Hydrogel nanocomposites: a review of applications as remote 

controlled biomaterials. Soft Matter, 2010. 6(11): p. 2364-2371. 
2. Ge, J., et al., Drug Release from Electric-Field-Responsive Nanoparticles. ACS Nano, 2011. 6(1): p. 

227-233. 
3. Hoare, T., et al., Magnetically Triggered Nanocomposite Membranes: A Versatile Platform for Triggered 

Drug Release. Nano Letters, 2011. 11(3): p. 1395-1400. 
 
 
CONTACT 
Ying-Chih Liao liaoy@ntu.edu.tw 

a) 

b) 

1284






 





                  

                

                



 




              

             
    
                 


             

 





               
                
  
                
                   

                
             









相分離





 












 







 



16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1285



RESULTS AND DISCUSSION 

Figure 3 shows results of the mixing in the T-shaped nanochannel. As shown in the fluorescence image (Figure 
3(a)), almost symmetric mixing was observed for 1 M KCl solution at equivalent pressures of 100 kPa. On the other 
hand, in case of NaCl, the symmetry was broken, and only the electrolyte solution was injected into the nanochannel 
probably due to lower fluidic resistance of the electrolyte solution than water. Figure 3(b) shows mixing ratio, which 
is proportional to the fluorescent intensity ratio, as function of the applied pressure to the electrolyte solution for KCl, 
NaCl and LiCl. Mixing for KCl solution shows symmetric property, while mixing for NaCl and LiCl shows 
asymmetric property. Considering that ion hydration effect of K+ and Cl− on water structure is generally negligible 
due to hydration radii smaller than 3 Å, one possible reason for asymmetric mixing is ion hydration by Na+ and Li+ 
of hydration radii larger than 4 Å, which affects orientation of water molecules by hydrogen bonding. Our previous 
work suggests that water confined in extended nanospace has higher viscosity than the bulk due to specific liquid 
structure derived from loosely coupled water molecules by hydrogen bonding [1]. Based on this understanding, it is 
considered that the ion hydration with large hydration radii cancels the hydrogen bonding network of water 
molecules induced by the confinement in extended nanospace, and this results in the viscosity similar to the bulk and 
asymmetric mixing.  
The results obtained from this work were applied to achieve two-step mixing of 1M LiCl with water (1/2 by first 

mixing, 1/4 by second mixing) as shown in Figure 4. The nanochannel of 600 nm depth was fabricated on 
fused-silica glass. For the first mixing, the widths of the branch channel and mixing channel were 1000 nm and 200 
nm respectively, while those for the second mixing were 2000 nm and 4000 nm. A 100 kPa pressure was applied to 
water in the first mixing channel, and pressures applied to other two inlets, P1 and P2, were determined based on two 
cases, bulk theory and results shown in Figure 3. The result suggests that the pressure values determined based on 
the present study shows improvement in the two-step mixing toward the bulk theory which doesn’t consider the ion 
hydration effect. The knowledge obtained from the present study suggests importance of the design of nanofluidic 
system considering the specific liquid property in nanospace. 
 

CONCLUSIONS 

Mixing of the electrolyte solution in extended nanospace was studied. Symmetry of the mixing by equivalent 
pressures was broken when the ion hydration radii is larger than 4 Å, where the ion hydration affects orientation of 
water molecules by hydrogen bonding. Results suggested that the specific liquid structure with loosely coupled 
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Figure 2. Schematics of (a) an experimental setup and (b) a T-shaped extended nanochannel for the mixing. 
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Figure 3. (a) Fluorescence images for mixing of KCl 1M and that of NaCl 1M. Applied pressures toward pure water 
and electrolyte solution were 100 kPa. (b) Ratio of fluorescent intensity (mixing outlet/mixing inlet) as function of 
applied pressure toward electrolyte solution for various ion species. 
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water molecules by hydrogen bonding, which is induced in extended nanospace, is broken by ion hydration effect, 
and results in the asymmetric mixing.  
Two-step mixing in extended nanochannel was demonstrated considering the specific mixing property revealed 

in this study. The results showed improvement of mixing close to identical values compared with the case when the 
parameters were decided based on the bulk theory. The knowledge obtained from this study suggests an importance 
of specific liquid properties for designing nanofluidic system for various chemical applications. 
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ABSTRACT 
    Macromolecules confined within nanoporous surroundings experience entropic trapping (ET) when their 
dimensions approach the average pore size, leading to emergence of transport behavior that can be immensely 
beneficial (e.g., a counterintuitive trend of increasing separation efficiency with DNA size during gel 
electrophoresis) [1]. But the noisy uncorrelated process by which the embedded macromolecules discretely hop from 
pore to pore contributes additional dispersion that detrimentally impacts most practical applications. Here show how 
the same dynamics governing phenomena as diverse as global climate change and sensory perception can be 
exploited to direct macromolecular transport through nanoporous surroundings. We demonstrate this in the context 
of gel electrophoresis by establishing a resonance condition that synchronizes the otherwise noisy uncorrelated 
motion of DNA between pores in the matrix. Surprising consequences include simultaneous transport of 
different-sized molecules in opposite directions, and a counterintuitive inverted size dependence of separation 
efficiency. We further show how DNA binding interactions can be sensitively probed by exploiting conformation 
dependence of resonance. These phenomena can be easily accessed in ordinary hydrogels (as opposed to idealized 
planar nanomachined topologies), offering a direct pathway to implement them in a host of useful settings.  
 
KEYWORDS 
Entropic trapping, electrophoresis, single molecule analysis.  

 
INTRODUCTION 

Macromolecules confined within nanoporous surroundings experience entropic trapping (ET) when their 
dimensions approach the average pore size [2], leading to emergence of transport behavior that can be immensely 
beneficial (e.g., a counterintuitive trend of increasing separation efficiency with DNA size during gel 
electrophoresis). Early gel electrophoresis studies helped identify qualitative features of DNA migration in the ET 
regime, but a straightforward physical description was slow to emerge and it was not immediately apparent how 
these effects could be harnessed to achieve improved separation performance. This outlook changed dramatically 
with the introduction of so-called “nanofilter” devices where the hydrogel matrix was replaced by arrays of 
nanomachined fluidic channels whose height h periodically alternates between deep wells (h ~ Rg) and narrow slits 
(h < Rg) (Fig. 1a). In addition to enabling DNA migration to be directly probed in the ET regime, the greatly 
simplified geometry consisting of only two length scales (i.e., the heights of the deep and narrow regions) made it 
possible to develop improved physical models describing the observed phenomena. But hydrogel matrices remain 
extremely attractive because they are easy to prepare and adapt for routine use, and because their nanoscale pore 
structure can be readily tailored by controlling polymerization conditions (Fig. 1b). 

 

 
Figure 1. (a) “Nanofilters” create an idealized 2-D path consisting of alternating deep wells (hd ~ Rg) and narrow 

slits (hs < Rg). (b) We model hydrogels as a random ensemble of loosely and densely crosslinked regions (i.e., a 
pseudo-nanofilter; dots represent gel fibrils, not to scale). (c) Stochastic resonance can be applied by noting that the 
distribution of activation times between pore-to-pore hops (migration events) acts analogously to noise, suggesting 

synchronization is achievable by modulating the electric field at a period tuned to the activation timescale. 
 
But the noisy uncorrelated process by which the embedded macromolecules discretely hop from pore to pore 

contributes additional dispersion that detrimentally impacts most practical applications. In recent studies, we have 
discovered that both the source and solution to previous difficulties encountered in exploiting ET effects for 
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electrophoretic manipulation in gels are intimately linked to the inherent dynamics of the underlying activated 
transport mechanism. By modulating the applied electric field at a period tuned to the characteristic activation 
timescale (e.g., by periodically switching it on and off), a stochastic resonance condition is established that 
synergistically combines accelerated mobility and reduced diffusion (Fig. 1c).  

 
EXPERIMENT 

DNA gel electrophoresis experiments were performed using a previously described microchip-based platform [1]. 
Photocurable crosslinked polyacrylamide gels were prepared using Duracryl (30 %T, 2.6 %C; Proteomic Research 
Services) and the photoinitiator (Solution B) from a ReproGel DNA sequencing gel kit (GE Healthcare). For 
example, a 30 µL quantity of 6 %T gel contained 6 µL of the 30 %T gel stock solution, 4 µL of deionized water, 
18.5 µL of Solution B, and 1.5 µL of stock 10x TBE buffer (Extended Range; Bio-Rad). An electrophoresis 
microchip (300 – 500 µm wide, 40 µm deep microchannel) was filled with the gel mixture, and the gel interface was 
defined by masking with opaque tape. Polymerization was performed under UV light (EXFO OmnniCure S1000) for 
10-12 min. Separations were performed using a 100 bp double-stranded DNA ladder (Bio-Rad). Samples were 
prepared by mixing 5 µL of the DNA ladder, 8.5 µL of YOYO-1 intercalating dye diluted to one tenth of the stock 
concentration, and 1.5 µL of the anti-photobleaching agent β-mercaptoethanol. Time varying electric fields with a 
square wave profile were applied using a function generator (Agilent 33220A) interfaced with a voltage amplifier 
(Trek Model 603). Data analysis was performed using MATLAB. Data are averages over at least three experiments. 

 
RESULTS AND DISCUSSION 

In initial studies, we have succeeded in rationally identifying conditions favorable for ET-dominated transport in 
photopolymerized crosslinked polyacrylamide hydrogels by quantitatively characterizing their pore size distributions 
and directly probing the scalings of mobility and diffusion with DNA size. ET under a constant electric field yields 
an inverted trend of increasing separation resolution with DNA size (the opposite of what is conventionally seen), 
with a caveat that the absolute resolution values are below those obtainable under reptation-dominated transport (Fig. 
2a, blue points; the resolution parameter R expresses the difference in distance traveled by two neighboring species 
relative to the sum of the half-widths of their associated peaks). But R increases significantly when the electric field 
is cyclically switched on and off at a period of Γ = 5 ms, reaching levels that match or exceed those obtained in the 
reptation regime while simultaneously preserving the anomalous increasing size dependence (Fig. 2a, red data). The 
enhancement coincides with a distinct mobility maximum at Γ ~ 5 ms that is most pronounced in the 500 to 1000 bp 
range, shifting toward lower Γ for smaller fragments (Fig. 2b). This effect is synergistically coupled with reduced 
diffusion relative the continuous field case (Fig. 2c). 

 

  
Figure 2. (a) Microchip gel electrophoresis of a 100 bp dsDNA ladder in the ET regime (imposed by UV curing the 
matrix at 625 mW cm–2) shows enhanced separation resolution when the electric field is cyclically switched on and 
off at Γ = 5 ms ( , Eavg = 10 V cm–1; it was necessary to apply an Eavg value less than 15 V/cm to remain within the 
ET regime) versus application of a continuous field ( , E = 15 V cm–1). An inverted dependence of R on DNA size is 

also evident, as compared with the constant or decreasing size dependence of R in gels where transport is 
reptation-dominated ( , ; UV cured at 5 and 100 mW cm–2 respectively, E = 15 V cm–1). (b) Measurements of 
electrophoretic mobility versus Γ display a distinct peak in the vicinity of 5 ms that is most pronounced at DNA 

fragment lengths 500 bp and above. (c) The periodically applied electric field also yields a reduction in 
experimentally measured diffusion coefficients relative to the constant field case. (d) Bi-directional transport of 300 

and 600 bp DNA fragments is achieved by applying alternating forward and backward pulses of an oscillatory 
electric field with period and pulse times are selected to optimize resonance in each species. The net result is 

positive mobility of the leading species (μ300 = 1.5 x 10–5 cm2 V–1 s–1) and negative mobility of the trailing species 
(μ600 = –0.5 x 10–6 cm2 V–1 s–1), (e) yielding a continual increase in resolution with no increase in separation length. 
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Emergence of a size-dependent optimal modulation period also makes it possible to induce bi-directional 
transport of different sized DNA fragments. This is achieved by periodically alternating between an electric field in 
the forward direction with Γ tuned to match resonance of the faster (leading) species, and a field in the reverse 
direction at a resonant period associated with the slower (trailing) species (Fig. 2d). The combined effect drives 
forward transport of the leading species (positive mobility) while the trailing species travels backward (negative 
mobility). Bi-directional transport makes it possible to achieve a state in which separation resolution continually 
increases over time—an effect that is precisely tunable to isolate DNA in a specific size range within a very short 
separation distance (Fig. 2e). This mode of electric field actuation (i.e., cyclically switching the electric field on and 
off) is distinct from conventional pulsed field gel electrophoresis where the electric field direction is changed in a 
way that periodically induces re-orientation of very long DNA fragments. Our method is also distinct form 
zero-integrated field approaches where the electric field strength and duration change during the course of the 
separation and the period is not tuned to match a system timescale. 

In addition to its utility for enhanced separations, stochastic resonance can be harnessed as a sensitive probe of 
DNA binding interactions. Complexation between DNA and binding agents (small molecules, proteins, adducts, 
etc.) is of considerable interest owing to their role in governing a myriad of biological functions including packaging, 
transcription, and regulation. These interactions are also important from a pharmaceutical standpoint as potential 
drug targets. Our method is enabled by exploiting the fact that the conditions under which resonance emerges 
strongly depend on the DNA coil size. Therefore, binding interactions become visible as a distinct peak in 
electrophoretic mobility occurring at a conformation-dependent electric field actuation period. We tested this 
approach by applying it to study binding interactions between a 600 bp dsDNA fragment with the intercalating 
chemotherapy drug compound daunomycin. After injection into the electrophoresis microdevice, a DC potential was 
first applied to drive the DNA into the gel and acquire the constant field mobility. The field was then cyclically 
switched on and off at periods ranging from 2 to 7 ms at 0.5 ms increments. The microchip was scanned along its 
length at 3 points in time under each field actuation condition, enabling the mobility to be extracted from the 
displacement as a function of time. A complete set of data is acquired in ~ 20 min.  

Our results reveal that electrophoretic mobility of a 600 bp dsDNA fragment is significantly altered upon binding 
with daunomycin (Fig. 3). The effect is dramatic, with the peak mobility of the 600 bp complex shifting to be nearly 
equivalent to that of a native 300 bp fragment, laying a foundation for a “hyper mobility shift” assay as a diagnostic 
tool to reveal the presence of binding interactions and the extent of binding (i.e., from shifts in the resonant period 
and mobility value). These measurements also enable structural information (persistence and contour lengths) to be 
extracted by correlating the period at maximum mobility with conformational characteristics of the DNA complex. 
Remarkably, this information is obtainable by performing a single microchip electrophoresis experiment, providing 
potential for parallelized screening that is challenging to achieve by conventional methods. There is no inherent 
lower limit on the DNA size that can be interrogated, as opposed to single-molecule studies which require large 
DNA (λ-phage or longer). 

 

 
Figure 3. (a) Effect of DNA-daunomycin binding on resonant electrophoretic transport. The resonant mobility peak 

(Γmax) is shifted to lower periods and higher values upon binding, reflecting the more compact size of the bound 
complex (data for two different daunomycin:bp loadings are shown). (b) Measuring Γmax over a range of native DNA 

fragments with known length enables molecular size of the bound complex (Rg) to be determined. Experimental 
measurements (open symbols with DNA length in bp indicated) are in agreement with our transport model 

predictions (solid line). Once this relationship is established, contour and persistence lengths of the DNA complex 
can be extracted from the Γmax data in (a). 
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ABSTRACT 

The immobilization and isolation of exosomes using a polyethylene glycol (PEG)-lipid-modified surface in a 
microchannel were studied. The immobilized exosomes can be isolated by supplying liquid at a high flow rate using 
a microchannel. Since a PEG-lipid-modified surface can be fabricated simply and inexpensively compared with an 
antibody-modified surface, this technique has applicability for the manipulation and analysis of exosomes in clinical 
applications. 
 
KEYWORDS 

Atomic force microscopy in liquid, Exosome, Microfluidic isolation, Polyethylene glycol-lipid 
 

INTRODUCTION 
Exosomes, which are lipid-covered nanovesicles (30-100 nm) released from biological cells via exocytosis, 

have attracted considerable attention as diagnostic and prognostic biomarkers since they contain proteins and nucleic 
acids derived from their parent cells [1]. However, a direct handling or measurement technique for exosomes has not 
yet been established for medical applications. In this research, we studied the immobilization and isolation of 
exosomes in a microfluidic device and their observation using atomic force microscopy (AFM).  

 
EXPERIMENTS 

To immobilize exosomes, a glass surface was modified with PEG-lipid by the procedure shown in Fig. 1(a) [2]. 
Exosomes were immobilized physically on the surface by inserting oleyl chains of PEG-lipid into the lipid bilayer of 
exosomes, and the nonspecific adsorption was reduced by methoxy-PEG (Fig. 1(b)).  

 
Figure 1 (a) Process scheme for 
surface modification using PEG-lipid 
and methoxy-PEG molecules. (b) 
Conceptual scheme of exosome 
immobilization. Exosomes are 
immobilized physically on the surface 
by inserting an oleyl chain of 
PEG-lipid into the lipid bilayer of 
nanoesicles. Methoxy-PEG is used for 
reducing nonspecific adsorption. 

 
 
To prepare an exosome fraction, human embryonic kidney 293 (HEK293) cells were cultured in a serum-free 

medium for 24 h, and the medium was ultracentrifuged at 110,000×g for 70 min. Nanovesicles including exosomes 
(30-100 nm) and microvesicles (100-400 nm) were observed on the surface when the surface was incubated with the 
exosome fraction for 20 min (Fig. 2). Figure 3 shows that the area number density of nanovesicles on the surface 
was proportional to the concentration of exosomes at concentrations of less than 2.9×109 particles/ml, whereas it 
saturated above 2.9×109 particles/ml.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b)(a) 

1 μm1 μm

AFM height  image

500 nm500 nm

Immobilized exosomes

Figure 2 AFM images of exosomes immobilized on 
the surface. They were evaluated by AFM (Nano 
Wizard II) by intermittent contact mode in fluid.  
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For the reproducible immobilization and isolation of exosomes, microchannels (length: 28.3 mm, width: 2 mm, 

height: 500 µm) were fabricated on PEG-lipid-modified glass (Fig. 4). Figure 5(a) shows three-dimensional AFM 
images of exosomes immobilized on the surface. To study the relationship between immobilization efficiency and 
the washing flow rate, the area number density of exosomes was measured after washing with PBS at flow rates of 
10, 100 and 1,000 µl/min. Figure 5(b) shows the effect of the washing flow rate on exosome recovery on the 
microfluidic device. The area number density of nanovesicles after the surface was washed at flow rates of 100 and 
1,000 µl/min decreased by 73.5 and 81.3%, respectively, relative to that in the case of washing at a flow rate of 10 
µl/min.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Schematic (left) and photograph (right) of a microfluidic device for immobilization and washing of 
exosome fraction. 
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Fig. 5 (a) Three-dimensional AFM images of exosomes on the 
PEG-lipid-modified glass surface. After a suspension of 
exosomes in PBS was supplied at a flow rate of 10 μl/min for 20 
min for immobilization, the surface was washed with PBS at a 
flow rate of 10, 100 or 1,000 μl/min. (b) The area number 
density of exosomes immobilized on the surface after washing.
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Figure 3 Relationship between concentration and area 
number density of nanovesicles after incubatopn with 75 μl 
of exosome fraction and its diluted solutions for 20 min. 
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Furthermore, to investigate the size breakdown of exosomal loss, the height distribution of vesicles on the 
surface was evaluated (Fig. 6(a)). Vesicles under 80 nm in height were removed when the surface was washed with 
PBS at a flow rate of 100 μl/min, whereas vesicles remained in the case of washing at a flow rate of 10 μl/min. 
Figure 6(b) shows one possible explanation for this phenomenon. The Stokes force acting on exosomes is 
proportional to the exosome radius r, while the number of PEG-lipids anchored each exosome is nearly proportional 
to the square of r. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Figure 6 (a) Height distributions and AFM images of vesicles on the PEG-lipid-modified glass surface. After 
supplying the exosome fractions at a flow rate of 10 ml/min for 20 min for immobilization, the surface was washed 
with PBS at flow rates of 10 (left) and 100 ml/min (right). (b) Schematic of vesicles on the surface during washing. 
The Stokes force acting on exosomes is proportional to the exosome radius r, while the number of PEG-lipids 
anchored each exosome is nearly proportional to the square of r. 

 
 

CONCLUSION 
The immobilization and isolation of exosomes using a polyethylene glycol (PEG)-lipid-modified surface in a 

microchannel were studied. The immobilized exosomes can be isolated by supplying liquid at a high flow rate using 
a microchannel. Since a PEG-lipid-modified surface can be fabricated simply and inexpensively compared with an 
antibody-modified surface, this technique has applicability for the manipulation and analysis of exosomes in clinical 
applications. 
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ABSTRACT 
    A single-molecule imaging device using polymeric nanoholes (PNH) was developed. It localizes an excitation 
volume at the bottom of its nanoholes for the reduction in background noise. Owing to this reduction, the number of 
types of enzymatic reactions visualized at single-molecule level in PNH was estimated to be approximately 2.5 times 
greater than that observed by total internal reflection fluorescence microscopy (TIRFM). On the basis of this 
estimate, PNH were designed and single protein molecule was imaged in PNH of 200 nm diameter and 200 nm 
depth. 
 
KEYWORDS 
Single-molecule imaging, Nano/Microfabricaton, Fluoropolymer, Total internal reflection fluorescence microscopy 

 
INTRODUCTION 

Single-molecule imaging is recognized to elucidate mechanisms of biochemical reactions such as enzymatic 
reactions. To detect weak fluorescence from single molecules, background noise should be markedly reduced. The 
use of an evanescent field produced by total internal reflection fluorescence microscopy (TIRFM) effectively 
reduces an illumination volume and is a conventional method for noise reduction in single-molecule imaging. 
However, in TIRFM, the illumination is only limited in the depth direction and the background noise becomes a 
serious issue at a high fluorescent molecule concentration. Otherwise, Zero-mode waveguide (ZMW) which further 
confines the illumination in its metal nanohole is also applied to single-molecule imaging, but there are some 
concerns about light scattering and metal elusion in ZMW. In this paper, the excitation region was 
three-dimensionally confined in polymeric nanoholes (PNH) with a diameter of less than the optical diffraction limit 
(Fig. 1). An amorphous perfluoropolymer, Cytop™ (Asahi Glass Co., Ltd.), which has a refractive index of 1.34, 
similar to that of water, was used for creating PNH. Total reflection was observed at both the glass/liquid and 
glass/Cytop interfaces and light scattering is vanishingly low. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Schematics of PNH. The excitation region is highly confined at the bottom of the PNH. A scanning 

electron microscope (SEM) image of single nanohole is in the right. 
 

PRINCIPLES AND DESIGN OF THE DEVICE 
PNH were designed on the basis of their theoretical performance for noise reduction. The Michaelis constant KM, 

an index of the instability of an enzyme-substrate complex, is a useful parameter for evaluating the capability of 
PNH to visualize enzymatic reactions [1]. A typical enzymatic reaction scheme and KM as an equilibrium 
dissociation constant of the enzyme-substrate complex are shown as follows: 

 
 
                                                                               (1) 
 
 
                                                                               (2) 
 
 

where kx (x=-1, 1, 2) is the rate constant for the reaction of enzyme (E) and substrate (S) resulting in product (P). To 
visualize an unstable complex with a high KM, a high concentration of the fluorescent substrate (Generally, enzyme 
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molecules are fixed on the device substrate in single-molecule imaging.) and/or prolonged observation are required. 
In PNH, the three-dimensional confinement of the excitation region in the nanoholes and shielding evanescent light 
by the polymeric layer were considered to meet these two requirements. Figure 2 shows schematics of performance 
of PNH.  
 

 
 

 
 
 
 
 
 
 

 
Figure 2. Schematics of the improvement of S/N ratio in PNH in comparison with TIRFM. Red stars, “Signal”, 

and circled stars indicate light-emitting fluorescent molecules, a targeted single molecule (such as a fluorescent 
substrate binding to enzyme), and fluorescent molecules excluded by the device, respectively. An exponential decay 

of evanescent light shielded by the polymeric layer is also shown in the right. 
 
Some fluorescent molecules inside the diffraction limit D (≈260 nm) are excluded by PNH of diameter d (Black 

circles). The excitation volume is reduced to d2/D2 and “Signal” can be identified at a D2/d2 times higher 
concentration of fluorescent molecules than that in the case of TIRFM. Some fluorescent molecules outside D are 
excluded by PNH of depth t (green circles). Evanescent light decays to 1/e at a distance T (≈100 nm) from the glass 
surface. Hence, the background and its fluctuation decrease to 1/et/T and 1/et/2T, respectively, and the S/N ratio of 
“Signal” to background noise is improved to et/2T times higher than that in the case of TIRFM. The improved S/N 
ratio enables the reduction in excitation intensity by 1/et/2T and the extension of fluorescence lifetime by et/2T. As a 
result, on the value of KM, the performance of PNH in comparison with that of TIRFM was formulated as Eq. 3. 

 
 
                                                                              (3) 
  
 
Here, KM,PN and KM,TIRFM are maximum value of KM with which reaction can be imaged at the single-molecule 

level using PNH and TIRFM, respectively. According to Eq. 3, in PNH (d=100 nm, t=200 nm), enzymatic reactions 
with KM 20 times higher than that in the case of TIRFM can be visualized, that is, an approximately 2.5-fold greater 
number of types of enzymatic reactions can be visualized [1]. 

 
DEVICE FABRICATION 

One million PNH of 100 and 200 nm diameter and 200 nm depth were fabricated on a chip by the thermal 
nanoimprinting using cryo-etched nanomold (Fig. 3). The nanomold bore more than 100 times of use. After 
nanoimprinting, thin residual layer was etched using oxygen plasma [2]. The oxygen plasma also hydrophilized the 
surface of the PNH and reduced the nonspecific adsorption of fluorescent molecules on PNH to 1/5-1/6 for noise 
reduction (Fig. 4(a)). The nonspecific adsorption was further reduced to approximately 1/4 by surface modification 
using a polyethylene-glycol-containing surfactant, Pluronic™ F-108 (BASF Corp.) (Fig. 4(b)). 

 
 

 
 
 
 
 
 

 
 

Figure 3. Schematics of the fabrication process.  
(i) High-aspect-ratio nanopillars of 100 or 200 nm diameter and 300 nm height was fabricated by electron beam 

lithography and cryo-etching at -130ºC. SEM image of a nanopillar of 100 nm diameter is also shown.  
(ii) The nanomold was pressed against perfluoropolymer-coated (t=200 nm) glass by applying a force of 1.0 kN 

at 125ºC for 3 min.  
(iii) After nanoimprinting, the thin residue layer that formed at the bottom of nanoholes was removed by oxygen 

plasma treatment, which simultaneously hydrophilized the device’s surface.  
(iv) A PEG-containing surfactant was introduced into the nanoholes for PEG modification. 
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Figure 4. Effects of (a) exposure time of oxygen plasma (150 W RF, 30 mTorr) and (b) surface blocking using 
PEG-containing surfactant on the number of absorbed Cy5-GroEL molecules in the field of microscopic view. The 
concentrations of Cy5-GroEL were (a) 20 pM and (b) 30 pM. Results show averages of five points along the y axis. 

Error bars: one standard deviation. 
 
SINGLE-MOLECULE FLUORESCENCE IMAGING 

On the basis of the material, the device design and the fabrication method, PNH were applied to single-molecule 
imaging (Fig. 5). Single Cy5-modified protein molecule was imaged in PNH of 200 nm depth and 200 nm diameter. 
Consequently, PNH are promising tool for single-molecule imaging. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Single-molecule fluorescence imaging of Cy5-modified chaperonin GroEL molecule in PNH (d=200 

nm, t=200 nm).  
(a) Fluorescence images of PNH. Position of nanoholes were identified using fluorescein.  

(b) Single-step bleaching in PN (red circle in (a)), which indicates a single Cy5-GroEL molecule. 
 

CONCLUSIONS 
A single-molecule imaging device using polymeric nanoholes was developed. It localizes an excitation volume at 

the bottom of its nanoholes for the reduction in background noise. Owing to this reduction, the number of types of 
enzymatic reactions visualized at single-molecule level in PNH (200 nm depth and 100 nm diameter) was estimated 
to be approximately 2.5 times greater than that observed by TIRFM. On the basis of this estimate, PNH were 
designed and single protein molecule was imaged in PNH of 200 nm diameter and 200 nm depth. 
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RESULTS AND DISCUSSION  
Figure 3 shows fluorescence images of immobilized GFPs obtained using confocal laser microscopy. We observed a 

size effect that the spot intensity of immobilized GFP decreases with the diameter of the wells. One of possibilities is that 

the size effect was caused by free histidines which competitively bind to Ni-NTA. To evaluate effect of competitive 

binding of free histidines to Ni-NTA, we immobilized GFPs on Ni-NTA glass substrate using microintaglio printing at 

three amino acid concentrations which were 20 µM, 100 µM, and 150 µM. The results are shown in Figure 4. This 

decrease in spot intensity was also observed to limit the reaction when the concentration of amino acids was decreased. 

Therefore the size effect was not caused by the competitive binding. Moreover, as shown in Figure 5, a size effect was 

also observed for the concentration of GFPs synthesized within each well. In contrast, size effect was not observed for 
microintaglio printing with off-chip protein synthesis as shown in Figure 6. We believe that the area density of GFPs 

decreased by the reduction of the synthesis concentration. To explain this, it is necessary to consider the adsorption of the 

nucleic acids and proteins on the surface of the well. Since the ratio of the surface area of PDMS to the reaction volume 

increases with the diameter of the well, relative adsorption on the surface also increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Fluorescence images of immobilized GFPs obtained using confocal laser microscopy (Ex: 488 nm, Em: 515 

BP30 nm) All scale bars are 400 µm. 

Figure 4. Relation between diameter of the well and relative area density of immobilized GFPs synthesized at amino 

acid concentrations of 20 µM (filled circles), 100 µM (open circles), and 150 µM (crosses) Regardless of amino acid 
concentration the spot intensity of immobilized GFP decreased with the diameter of the wells. 
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Figure 2. To immobilize His-tagged protein, glass surface was coated with Ni-nitrilotriacetic acid (Ni-NTA). 

Histidines bind to Ni-NTA with covalent coordinate bond. 
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CONCLUSION 
We successfully demonstrated validity of microintaglio printing by printing GFPs on a glass surface. Our results for 

printing spot miniaturization (100-20 µm size scales) show that the spot intensity of immobilized GFP decreased with the 

diameter of the wells. The area density of GFPs decreases as the synthesis concentration reduces. 
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Figure 5. (a) Dependence of synthesized GFP concentration on diameter of the well. Filled circles show the relative 

synthesized GFP concentration. Open circles represent the relative area density of immobilized GFPs. a size effect 

was also observed for not only the area density of immobilized GFPs but also the concentration of GFPs synthesized 

within each well. (b) Relation between density and concentration of GFPs. Area density of immobilized GFPs was 

correlated with the synthesized GFP concentration. 

Figure 6. Plot of area density of GFPs immobilized using microintaglio printing with off-chip protein synthesis vs. 

diameter of the well. Size effect was not observed. 

(a)         (b)    
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1 Graduate School of Engineering, The University of Tokyo, Japan 
2 Graduate School of Science and Engineering, Saitama University, Japan 

3 Core Research of Evolutional Science and Technology, JST, Japan 
 
 

ABSTRACT 
A novel class of DNA chips, on which immobilized DNA molecules are selectively recoverable, was developed 

for the directed evolution of biomolecules. DNA molecules immobilized on a gold surface via a DNA linker, which 
contains a nitrobenzyl group as a photocleavable moiety, were recovered from each chip by spot-selective 
photoirradiation, and the recovered DNA molecules were successfully amplified by PCR. 

 
 

KEYWORDS 
Protein chip, DNA chip, High through put screening, Photo cleavage, On-chip screening 

 
 

INTRODUCTION 
Directed evolution is a powerful tool to create functional biomolecules and is expected to be performed more 

rapidly and effectively using a microchip device. Figure 1 shows the concept of directed evolution using a microchip 
device. Firstly, a mutant library of DNA is prepared and distributed on a chip. Secondly, the functions or activities of 
the DNAs or DNA-protein conjugates, which are synthesized on the chip [1], are evaluated. Thirdly, DNAs or 
DNA-protein conjugates with high functions or activities are collected from the chip. Finally, the collected DNA 
molecules are amplified with mutation to prepare the mutant DNA library for the next round of on-chip selection. 
Functional molecules could be created by these subsequent on-chip selection rounds. In these procedures, the 
recovery of DNA from a chip is essential, but the method has not yet been developed. 

 
 
 
 
 
 
 

 
 
 

Figure 1. Concept of on-chip directed evolution. Functional molecules are evolved by performing subsequent 
selection steps. 
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EXPERIMENTAL 

Figure 2 shows the experimental procedures used in this study. A photocleavable DNA linker (PC-linker, details 

are shown in Figure 3) and 6-mercaptohexanol (MCH) were immobilized on a gold surface. Cy5-modified mRNA 

was hybridized on the PC-linker in a micrometer-scale spot pattern, as previously reported [1], and the mRNA was 

reverse-transcribed on the chip to make a spot pattern of Cy3-modified cDNA. The cDNA patterned substrate was 

covered with a 3-aminopropyltriethoxysilane (APTES)-modified glass and 377-nm laser irradiation was performed 

on selected spots. cDNA molecules detached via photocleavage were adsorbed onto the APTES substrate and the 

adsorbed cDNA molecules were recovered and amplified by PCR.

 

 

 

 

 
 

Figure 2. Experimental procedure. 

A. preparation of SAM of cDNA on Au surface.  

B. photocleavage and recovery of cDNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Structure of photocleavable DNA linker 

(PC-linker). A 2-nitrobenzyl group is easily cleaved by 

UV irradiation. 

RESULTS AND DISCUSSION 

Prior to the photorecovery experiment, the adsorption of DNA on the APTES substrate was investigated in a 

series of buffers with different pHs. Figure 4 shows the result of the adsorption of fluorescence-modified DNA in 

different pH buffer solutions dropped onto the APTES surface. DNA was efficiently adsorbed at pHs below 10 and 

hardly adsorbed at pHs 10 and 11. Therefore, we used the buffer of pH 7.4 as the adsorption solution and the buffer 

of pH 10 as the desorption solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Adsorption of DNA onto APTES substrate in 

a series of buffers with different pHs. Inset; 

fluorescence image of adsorbed Cy5-modified DNA.
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A micropattern of a 50-µm-diameter spot of Cy3-modified cDNA was generated, and the spot-selective 

photocleavage and adsorption of the cDNA on the APTES substrate were successfully achieved in the adsorption 

solution (Figure 5). Finally, the cDNA molecules recovered from the APTES surface using the desorption solution 

were amplified by PCR. As a result, the sample recovered from the photoirradiated area of the APTES substrate was 

highly amplified compared with the sample recovered from the nonirradiated area (Figure 6). This result indicates 

that cDNA molecules were successfully recovered spot-selectively without significant damage. 

 

 

 

 
 

Figure 5. Result of spot-selective photocleavage and 

recovery of micropatterned cDNA. Three spots (C2, C3, 

and D3) were irradiated by 377 nm laser (a). (b) 

preirradiaton, (c) postirradiation, and (d) cDNA 

adsorbed onto APTES substrate. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6. Result of PCR amplification of recovered 

cDNA. The cDNA recovered from the irradiated area of 

the APTES substrate (UV+) was more highly amplified 

than that from the nonirradiated area (UV-). NC: 

negative control without template DNA. 

 

CONCLUSION 

A novel DNA chip with a function of photoassisted spot-selective DNA recovery has been developed. The micro 

spot array of DNA was fabricated on a gold surface via a photocleavable linker, which contains a nitrobenzyl group 

as a photocleavable moiety. These DNAs were detached and recovered from the gold surface by spot-selective 

photoirradiation and amplified by PCR successfully. This novel DNA chip is expected to be used for on-chip 

directed evolution. 
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Manipulation of Human Mesenchymal Stem Cells by Multifunctional 
Graphene-PEDOT Microelectrode Arrays

Yu-Sheng Hsiao, Chiung-Wen Kuo, Chih-Wei Chu and Peilin Chen* 

Research Center for Applied Sciences, Academia Sinica, Taipei, Taiwan 11529 

ABSTRACT 
In this study, we report the development of all-solution-processed multifunctional organic bioelectronics, 

comprising reduced graphene oxide (rGO) and dexamethasone 21-phosphate disodium salt (DEX) drug loaded 
poly(3,4-ethylenedioxythiophene) (PEDOT) microelectrode arrays on indium tin oxide glass, that can be used to 
manipulate human mesenchymal stem cell (hMSC) spreading morphology on rGO micropattern arrays and trigger 
the drug releasing from the PEDOT micropatterns. In our devices, the rGO material were used as the adhesive 
coating to attract the adhesion of hMSC cells whereas PLL-g-PEG coated PEDOT electrodes served as the 
anti-adhesive coating where no hMSC cells can attach. In addition, PEDOT microelectrodes also work as drug 
releasing components where spatial-temporal control of DEX releasing from PEDOT matrix can be achieved for 
long-term cell culture for inducing the osteogenetic differentiation of hMSCs via cyclic potential stimulation (CPS). 
 
KEYWORDS 
Organic bioelectronics, graphene, poly(3,4-ethylenedioxythiophene) (PEDOT), human mesenchymal stem cell 
(hMSC), drug releasing. 

 
1. INTRODUCTION 

Electroactive biointerfaces, potentially bridging the communication gap between the biology and electronics, 
which have been widely operated to enhance the readout performance of the biological events in the form of the 
electronic signals and/or promote the gene expression and biological phenotypes through the electrical stimulation. 
In the development of electroactive biointerfaces, most studies have shown that conducting polymers (CPs) 
[poly(3,4-ethylenedioxythiophene) (PEDOT), etc.] [1, 2] and carbon materials (CMs) (graphene, etc.) [3, 4] feature 
high biocompatible as the tissue–electrode or cell–electrode interfaces for developmental biology and cell therapies. 
Several organic bioelectronic devices built with PEDOT and graphene materials are capable of manipulating the 
behavior of cells on the devices. Hence, this study describes a multifunctional electroactive biointerfacing platform 
to extend the individual advantage of CMs and CPs for promoting the osteogenetic differentiation rate and 
osteogenetic drug releasing performance, respectively. Moreover, this cell-based electronic device is to be able to 
manipulate the cell morphology in different growth phases of the culture, including the seeding location, 
proliferation, and differentiation. The image of our device and schematic are shown in figure 1 where the hMSC 
cells are found to adhere on the graphene micropatterns. This result confirms that our approach of using adhesive 
and anti-adhesive coating can effectively confine the location of hMSC cells on chip, which is also investigated as an 
electrically responsive drug releasing platform for inducing hMSCs to osteoblast-like cells. 
 

 
 

Figure 1. (a-e) Fabrication processes of rGO-PEDOT microelectrode array devices loaded with dexamethasone 
21-phosphate disodium salt (DEX) drug. (f) Chemical structure of DEX. (g) Schematic illustration of hMSC cells 
adhered on rGO-PEDOT microelectrode arrays. (h) Merged image of hMSC cells grown on the rGO-PEDOT 
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microelectrode arrays with F-actin (red) for cytoskeleton, DAPI (blue) for nucleus and FITC (green) for PLL-g-PEG. 
2. EXPERIMENTAL 

Graphene oxide (GO) was synthesized based on the Hummers method [5]. The thin GO layer was spin-coated on 
the indium tin oxide (ITO) glass, which was chemical reduced in hydrazine vapor at 60 oC for 6 hr to obtain the 
large-scale reduced GO (rGO) layers on ITO glass. A standard photolithography process, with positive resist (S-1813, 
Shipley) and development (MF-319, Shipley), was used to fabricate S-1813 micro-array patterns of three different 
sizes (flat; 100 and 20 μm) on the rGO coated ITO glass and subjected to oxygen plasma treatment to remove the 
opening area of rGO from the ITO surface. Thin layers of PEDOT were then deposited electrochemically on 
ITO—from a bath solution containing 0.01 M 3,4-ethylene dioxythiophene (EDOT) (Sigma–Aldrich) and 0.01 M 
Dexamethasone 21-phosphate disodium salt (DEX; Sigma–Aldrich)—using the three-electrode system of an Autolab 
PGSTAT-12 (EcoChemie, Utrecht, Netherlands) electrochemical analyzer. A constant potential of 1 V (vs. Ag/Ag+) 
was used to produce PEDOT layers. The S-1813 photoresist was removed by washing with acetone, leaving the 
surfaces of the ITO glasses covered with rGO-PEDOT microelectrode arrays (rGO-PEDOT) [Figure 2(a-b)]. The 
PLL-g-PEG was used to modify the PEDOT surface of rGO-PEDOT [Figure 2(c)]. For drug releasing studies, the 
cyclic potential stimulation (CPS) was done with the sweeping voltage from -1V to +1V at a scan rate of 100 mV/s 
for nth cycles in PBS (1x). 

 
Figure 2. rGO-PEDOT microelectrode array devices loaded with dexamethasone 21-phosphate disodium salt (DEX) 
drug. (a) rGO-PEDOT:DEX microelectrode array device (Device 1). (b) Device 1 covered with PEDOT:PSS 
(Device 2). (c) Device 2 coated with PLL-g-PEG (Device 3) 
 
3. RESULTS AND DISCUSSION 

To spatially control the location of hMSCs on the devices, the concepts of contact attraction and contact 
repulsion were introduced in this study. Contact attraction coating with rGO is used to promote hMSC adhesion 
while contact repulsion coating with poly(L-lysine-graft-ethylene glycol) (PLL-g-PEG) prevents the adsorption of 
proteins, resulting in a cell-free region [Figure 3(a, d, g)]. The PEG rich surface of PLL-g-PEG coated PEDOT:PSS 
served as a contact repulsion coating, preventing cell seeding in the first growth phase. Moreover, upon CPS for 
triggering DEX drug release, the PLL-g-PEG coating on the PEDOT:PSS was not removed, keeping the surface 
property of contact repulsive efficiency. 
 

 
Figure 3. (a, d and g) Merged image of hMSC cells grown on different size (20, 50 and 100 μm) of the 

rGO-PEDOT microelectrode arrays with F-actin (red) for cytoskeleton, DAPI (blue). (b, e and h) Analysis of hMSCs 
adhesion on on different size (20, 50 and 100 μm) of the rGO-PEDOT microelectrode arrays after the CPS with 
F-actin (red) for cytoskeleton, DAPI (blue) and vinculin (green). (c, f, i) hMSCs were stained for vinculin (green) as 
marker for adhesion. 
 

The drug releasing mechanism of our devices is based on the swelling and deswelling process of PEDOT 
polymers upon electrical stimulation. During the CPS, the PEDOT-DEX film undergoes a fast swelling and 
deswelling process caused by ion and water movement in and out of the film, which may act as a pump to push the 
anions out and dramatically speed up the drug release (seconds or minutes). The architectures of the drug releasing 
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devices are shown in figure 2. The DEX release profiles from various rGO-PEDOT devices (Device 1; Device 2; 
Device 3) in PBS (1x) solution were measured by UV spectrometry at 242 nm as shown in figure 4(a). As expected, 
without the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) blocking layer on the 
PEDOT:DEX surfaces (Device 1), a significant release of DEX from rGO-PEDOT microelectrode arrays was 
detected without electrical stimulation due to diffusion. However, when a layer of PEDOT:PSS was used, DEX 
could be sealed very well in Device 2 and Device 3 without electrical stimulation. Upon electrical stimulation, the 
DEX was released linearly with time in Device 2 and Device 3. Figure 4(b) illustrates the long-term DEX release 
profile of Device 3 in PBS solution where almost no DEX was released without electrical stimulation. Upon 
electrical stimulation, g of DEX can be released in our device after staying in incubator for six days. To apply this 
electrically response drug release system for investigating the osteogenetic differentiation of hMSCs, we further 
optimize the DEX loaded rGO-PEDOT micropattern arrays into three active areas, which can support the drug 
release for three times of osteogenetic induction periods (CPS1; CPS2; CPS3). 

 
Figure 4. (a) DEX release profile of the rGO-PEDOT microelectrode array devices. The release of DEX (n=5) 

was detected using UV-vis spectroscopy at 242 nm in PBS (1x) w/ and w/o CPS. (b) Long-term stability and DEX 
release by CPS in the incubator at 37 oC. (c-d) Schematic representation and photograph of rGO-PEDOT 
microelectrode array devices for three times DEX releasing. (e) Individual control of DEX concentration in PBS (1x) 
by three times of drug release. Before the CPS, PBS (1x) would be replaced with fresh one and measured the DEX 
concentration (after 40 min of changing each PBS). 
 
4. CONCLUSIONS 

We have proposed a multifunctional rGO-PEDOT device for manipulating hMSCs spreading morphology and 
performed the long-term drug releasing model for inducing the osteoblast-like cell differentiation of hMSCs in the 
present of osteogenetic inducer, DEX. Since the DEX loaded rGO-PEDOT device could support the replacement 
with fresh DEX releasing every 3 days for 9 days, our devices may be used to manipulate the differentiation of 
hMSC with spatial-temporal control of DEX releasing by electrical stimulation. 
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DURING LIPID BILAYER FOLDING IN A MICROFLUIDIC CHIP 
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University of Maryland, College Park, USA 
 
ABSTRACT 
 Here we present a microfluidic platform enabling continuous optical monitoring of the on-chip synthesis of 
bilayer lipid membranes (BLMs) by a monolayer folding process. The thermoplastic devices (fig. 1A) employ re-
sealable elements supporting dried lipid films that are rehydrated in situ by microfluidic perfusion, enabling the 
controllable formation of lipid-laden air bubbles that are sequentially delivered across a supporting aperture in a 
thin, on-chip partition film (figs. 1B and 1C). This technique represents a unique microfluidic adaptation of 
traditional Montal-Mueller membrane formation.(1, 2) Because lipid monolayers defined by the bubbles are 
delivered independently to either side of the aperture, the lipid composition of each monolayer can be tailored to 
achieve asymmetry in the resulting bilayer, allowing the on-chip membranes to more accurately mimic the 
composition of biological cell membranes. Simultaneous electrical and optical characterization of asymmetric BLMs 
is demonstrated here, with confocal microscopy used to image bilayer formation during the monolayer folding 
process, revealing the growth and dynamics of asymmetric liquid ordered domains within the bilayers.  
 
KEYWORDS 
Lipid membranes, BLMs 
 
INTRODUCTION 
 Most reports of BLM formation in microfluidic devices employ a solvent-based method where a plug of 
lipid-solvent solution is delivered to a small aperture and induced to thin into a membrane.(3)  This technique cannot 
produce a membrane with asymmetric leaflet composition.  Asymmetric droplet-interface bilayers have been 
demonstrated in a microfluidic environment,(4) however, access to each leaflet is restricted by the 
compartmentalized nature of the droplets.  The device reported here supports independent control of leaflet 
composition as well as rapid perfusion of reagents to each buffer channel. 
 
 Imaging lipid phase behavior is of great importance to the understanding of cell membrane biophysics.  
Typically these studies are undertaken using giant unilamellar vesicles (GUVs),(5) which are inherently symmetric 
in composition, or supported bilayers,(6) which are often an imperfect model of lipid phase behavior due to 
interaction between the lower leaflet and the underlying solid surface.  We demonstrate the ability to image lipid 
monolayers (fig. 1D) as well as symmetric and asymmetric bilayers in a system unaffected by surface interactions.  
Furthermore, we demonstrate the ability to image the formation and dynamics of both symmetric (fig. 1E) and 
asymmetric (fig. 1F) lipid domains starting from the moment of bilayer formation.  High resolution fluorescence 
images of bilayer folding in our device reveal that some elements of liquid ordered domain formation may begin 
during the lateral monolayer compression that occurs during the folding process.  Other dynamics also observed, 
such as large scale vortex currents within the newly folded bilayer, have implications in any work involving bilayers 
formed by the Montal-Mueller method.  
 
EXPERIMENTAL  
 Chip fabrication and bilayer formation: Microfluidic channels were directly milled into PMMA sheets using 
a CNC milling machine.  Top and bottom halves of the chip were separated by a thin PVDC film and thermally 
bonded at 90 °C/500psi for 5 min.  Before chip assembly, at the point of intersection between top and bottom 
channels, an aperture of diameter 60-100 µm was formed by piercing the PVDC film with a hot needle using a 
previously described apparatus.(7) The aperture is pretreated with a small quantity (1-5 µl) of hexadecane in hexane 
before assembly.  Ag/AgCl electrodes were prepared by treating clean silver wire with bleach for several hours. 
Electrodes were held in Upchurch Nanoport fittings. Membrane components were dissolved in hexane, and 10~20 
µL volumes were pipetted onto the tips of 4 mm diameter nylon screws which were then dried in a vacuum 
chamber.  
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 Bilayers were formed by sweeping two air bubbles through two chambers containing dried lipids, including 
fluorescently tagged lipids, each forming a lipid-laden air-water interface.   The trailing surface of these channel-
filling lipid-laden bubbles was swept sequentially across their respective sides of the aperture, each leaving behind a 
single monolayer of lipids that zip together to form a bilayer.  
 

 
Figure. 1 (a) A fabricated thermoplastic microfluidic membrane chip, next to a standard 75x25 mm microscope slide 
for scale. (b) Brightfield image of discrete lipid-laden air bubbles approaching the membrane formation site. (c) 
Side view diagram of the asymmetric monolayer folding process.  (d)  Confocal fluorescence image of a 
DPPC/PEG-40-stearate monolayer with gel-phase domains rich in DPPC. (e) Confocal fluorescence image of a 
bilayer composed of 1:1:1 mixture of DPPC:DPhPC:cholesterol, where dark regions indicate liquid ordered 
domains rich in DPPC/cholesterol.  (f)  Asymmetric domains of liquid disordered brighter DiPhPC rich lipid 
surrounded by darker DPPC and cholesterol rich liquid ordered phase.  Scale bars in (d) and (e) are both 20 µm, 
scale bar in (f) is 10 µm.  
 
RESULTS AND DISCUSSION 
 Typically, the quality of membranes formed by a monolayer folding process is determined by monitoring the 
membrane capacitance.  Bilayer membranes discussed in this work had measured capacitance values of 0.7 µF/cm2 
or greater, in good agreement with published data for membranes formed near the solvent-free limit.(8)  The 
evolution of membrane capacitance to its equilibrium level matches well with fluorescence images of the process, 
indicating that a single bilayer immediately forms as the second lipid-laden bubble interface sweeps across the 
aperture.  Excess lipid material associated with each bubble surface is swept downstream in the perfusion channel.  
The ease with which this platform may be used for imaging lateral phase separation, confirms, in combination with 
the capacitance data, that a single bilayer may be formed. Symmetric bilayer systems display two distinct 
fluorescence intensities with very little background fluorescence in the darker regions.  Asymmetric bilayers, which 
may contain asymmetric, unregistered domains, may display three or more distinct fluorescence intensities.(9) 
 
 Fluorescence imaging of bilayer formation using a phase-separating lipid mixture reveals some previously 
unreported dynamics, including domain formation before completion of bilayer folding.  The lateral movement of 
the second lipid laden bubble in this system applies a compressive force on the previously formed monolayer.  This 
can induce phase separation in the previously formed leaflet which is then apparent in the completed bilayer seconds 
later.  Likewise, this lateral movement of fluid in the micro-channel can induce the formation of recirculating 
vortices within the newly formed lipid bilayer.  These large scale motions within the lipid bilayer, visualized by the 
tracking of newly formed lipid microdomains, are important to consider in any model of lipid phase behavior in 
folded asymmetric bilayer systems. 
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Figure 2.  Confocal fluorescence images showing (a) lipid monolayer with air in the upper channel, (b, c) 
monolayer folding in progress, with lipid laden bubble-water interface clearly visible, (d) liquid ordered domains 
forming immediately upon completion of folding, with domain distortion resulting from shear forces during 
membrane formation, (e, f, g) domain recovery, and (h) induced bilayer rupture revealing low background 
fluorescence.  
 
 In addition to the novelty of the bilayer folding technique for facile on-chip BLM formation, we believe this 
to be the first demonstration of asymmetric membrane formation in a microfluidic chip.  The technology described 
offers unique capabilities to examine and control membrane formation, and promises to be a valuable tool for 
biophysicists interested in lipid phase behavior in asymmetric bilayers. 
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ABSTRACT 
   We present a standing surface acoustic wave (SSAW) based approach to achieve one-dimensional (1D) and 
two-dimensional (2D) alignment of nanowires (NWs). Our SSAW-based nanowire-aligning technique can be used to 
construct large-scale (e.g., centimeter scale) network of nanowires within 5 min. In this approach, we use interdigital 
transducers deposited on a piezoelectric substrate to generate different standing SAW fields, which induce AC 
electric fields on the substrate and in turn align suspended metallic nanowires in the fluidic chamber. This effect is 
coined as standing SAW-induced dielectrophoresis (DEP). By controlling the standing SAW field, we show that 
metallic nanowires can be bundled and aligned in one-dimensional (1D) standing SAW fields, or assembled into 
networks in two-dimensional (2D) standing SAW fields. We can achieve different patterns of nanowires by changing 
the distribution of pressure and electric field with different arrangements of interdigital transducers (IDTs). Moreover, 
three-dimensional (3D) spinning of nanowires are observed near the acoustic pressure antinodes of a 2D standing 
SAW field. The technique presented in this paper possesses advantages of tunability, high throughput, and low cost, 
which has the potential to be adopted in electrical, optical, and biological applications. 
 
KEYWORDS 
   Nanowire, Alignment, Standing Surface Acoustic Wave, Piezoelectric Field. 

 
INTRODUCTION 

One-dimensional (1D) nanostructures such as nanowires or nanotubes are critical components in the construction 
of functional micro/nano-devices for electrical applications and biomedical assays. Over the past decade, researchers 
have made great progress on synthesizing 1D nanostructures while manipulation of nanowires/nanotubes remains a 
big challenge. A variety of techniques have been recently developed to manipulate (align, pattern, and spinning, etc.) 
nanowires [1-3]. However, most of these methods could only achieve one specific function in nanowires/nanotubes 
manipulation without much flexibility in the operation process. To overcome these weaknesses, our approach was 
developed to realize controllable manipulation with multiple functions.  

Acoustic-based techniques, have been recently developed to pattern microparticles and cells in a quick and 
controllable fashion due to the standing SAW-induced pressure fluctuations in microfluidics [4, 5]. Different from 
the microparticle patterning, acoustic tweezers manipulate nanowires based on standing SAW-induced piezoelectric 
fields instead of acoustic radiation forces. As a result, nanowires show distinct behaviors compared to microparticles 
in standing SAW fields. In our work, it is the first time to use standing surface acoustic waves for patterning of 
nanowires into two-dimensional arrays. Similar to ‘optoelectronic tweezers’ [6], standing SAWs induces virtual 
electrodes at different locations on a Lithium niobate (LiNbO3) substrate, resulting in variable electric field 
distributions which pattern nanowires via dielectrophoretic (DEP) forces. Further optimizing this technique, acoustic 
tweezers could achieve surface patterning in a scale of square centimeters with high flexibility in several parameters, 
such as the spacing of nanowires.   

 
EXPERIMENT 

In our approach, two pairs of IDTs were deposited orthogonally on a LiNbO3 substrate and used to generate 1D 
(Figure 1a) or 2D (Figure 1b) SSAW fields. Before applying SSAW, silver nanowire suspension was injected into a 
capillary gap between the LiNbO3 substrate and a glass slide. The nanowires were uniformly distributed in the 
capillary gap (Figure 2a). In the 1D SSAW field (Figure 1a), nanowires were assembled into bundles and aligned 
along the propagation direction of surface acoustic waves (SAW) (Figure 2b). These nanowire bundles were then 
arranged into rows perpendicular to the SAW propagation direction. The distance between the centers of two 
neighboring rows was half wavelength. The dynamic aligning/patterning process is shown in Figure 3. It took 
around 15 seconds to complete the 1D aligning process. When the SSAW field was switched into a 2D pattern, a 2D 
nanowire network was assembled (Figure 2c), in which nanowires were aligned and patterned two-dimensionally. 
The SEM image of nanowire bundles (Figure 4) shows that the nanowires were well assembled and deposited onto 
the substrate even after the solution was dried up.  

We carried out negative control experiments to study the role of SSAW and electric field on the 
nanowire-aligning process. With a layer of coupling liquid below the nanowire suspension (Figure 5a), electric field 
was excluded; only SSAW field was transferred into the suspension. As shown in Figure 5b and 5c, the nanowire 
bundles moved to the pressure node without alignment, acting like microspheres. These results indicate that 
SAW-generated electrical field, rather than SSAW field, plays an important role in nanowire alignment. These 
experimental results agree well with our simulation on electric field on the nanowire-aligning process. Our technique 
provides a promising tool to pattern and align nano-objects. With further optimization, it can become valuable for 
many electrical, optical, and biological applications. 
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CONCLUSION 
In summary, our work uses standing surface acoustic waves for tunable alignment and patterning of nanowires. 

We demonstrate that nanowires could be patterned into 1D or 2D arrays by standing SAW-induced piezoelectric 
fields in less than 5 min. A 3D sparking pattern was observed in 2D electric fields. We are able to switch the aligned 
direction, and transfer the 1D and 2D patterns into each other by controlling the electric field distribution. As a result, 
nanowire patterning using standing SAW have an excellent ability to pattern nanowires in the terms of versatility and 
tunability. 

 
 

 
Figure 1. Schematic of the device-operation mechanism for a) one-dimensional, and b) two-dimensional 

nanowire alignment. 
 

 
Figure 2. Image of Ag nanowire patterns: a) before aligning, b) one-dimensional aligning, c) 

two-dimensional aligning, and d) zoom-in of the pressure node in c). 
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Figure 3. Dynamic nanowire assembly during the 1D nanowire-aligning process. 

 

 
Figure 4. SEM image of assembled nanowires after the solution is dried up. 

 

 
Figure 5. Negative control experiments: a) experimental setup; b) 1-dimensiaonl patterning without 

aligning; c) 2-dimensiaonl patterning without aligning. 
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ABSTRACT
! ! ! ! !L!a!s !e!r ! !R!a !m!a !n! !S !p!e !c!t!r !o!s !c!o !p!y ! !m !e!a!s !u !r!e ! !c!o !n!ta!c!t!l !e!s !s !l!y ! !a!n !d! !n !o!n !-!d !e!s !t!r !u!c !t!i!v !e!l!y ! !R!a !m!a !n! !s !c!at !t!e !r!i!n !g! s !h!i!f !t! !c!o !nv !e!y!i!n !g! !t!h !e!
!i!n !f !o!r !m !a!t!i!o !n! !o !f! !m !o!l !e!c!u !l!a!r ! !v !i!b !r !a!t!i!o !n!. ! !T!h !e! !s !t!u !d!y ! !d !e!s !c!r !i!b !e!s ! !t!e !c!h!n !i!q !u!e ! !t!o ! !m !e!a!su !r!e ! !t!h !e! !t!h !i!c !k!n !e!s !s ! !o !f! !i!nd!i!v !i!d !u!a !l! !t!r !a!n !s !p!a!r !e!n !t!
!m !u!l !t!i!p !l!e! !l!a !y!e!r ! !w !i!t !h! !m !i!c !r!o !me!t!e!r !-s !c!a!l!e ! !r !e!s !o!l!u !t!i!o !n! !b !y! !u !s!i!n !g! La!s !e!r ! !R!a !m!a !n !S !p !e !c!t!r !o!s !c!o !p!y !.! !W !e !a!p !p !l!ie !d! !e!d !g!e! !de!t!e!c!t !i!o !n!
!m !e!t!h !o!d ! !to ! !t!h !e! !R!a !m!a !n! !s !c!a!t !t!e !r!i!n !g! !s !p!e !c!t!r !a! !o !b!ta !i!n !e!d ! !f !r!o !m ! !a! !s !i!n !g!l !e! !p !a!r!y !l!e!n !e! !l!a !y!e!r ! !b !e!t!w !e!e!n ! !g !l!a!s !s !e!s !,! !a!n !d! !s !u!c !c!e!e!d !e!d! !t!o !
!m !e!a!s !u !r!e ! !t!h !e! !t!h !i!c !k!n !e!s !s ! !w !i!t !h! !e!r !r !o!r ! !r !a!n!g !e! !l!e !s !s ! t!h !an ! !1 !.!0 ! "!m !.! !W !e! !a!l !s !o! !a!p !p !li!e !d !t!he! !t!e!c!h !n!i!q !u!e ! !to ! !th !e! !m !e!a!s !u !r!e !m!e !n!t ! !o !f!
underwater mucus on the scale. Thus, the technique is adaptable to measure various biomaterials under the wet
!c!o !n!d !i!t !i!o !n!, ! s !u!c !h !a!s ! !m !u!cu!s !,! !an !d! !t!h !e! !i!n !s !i!d !e! !o !f! !t!r !a!n !s !p!a!r !e!n !t! !m !i!c !r!o ! !d !ev!i!ce!.

KEYWORDS
Laser Raman Spectroscopy, edge detection method, mucus

INTRODUCTION
    The cell is most sophisticated micro device, which consists various highly polymerized biomaterials, such as
proteins and lipid layer. For example, mucus is a multifunctional biomaterial, such as keeping moist, pathogens
trapping and protection from the physical damages, and is the main component of interface between external
environment and the surface of cells [1]. Mucus also consists the interface between the skin of aquatic animals and
aqueous phase. The chemical main component of mucus is biologically produced glycoproteins and water. Because
the visible light transmittance of these biomaterials is near to 100 %, various optical microscopes and fluorescence
imaging techniques were developed to observe the microstructure of these biomaterials. Laser Raman Spectroscopy
(LRS) is possible to measure contactlessly and non-destructively Raman scattering shift conveying the information
of molecular vibration. Thus, it allows the imaging of distribution of biomaterial under the wet condition [2]. Here,
we describe the technique to identify the interface of multiple transparent materials by using LRS and zero-crossing
based edge detection method. We applied the technique to measure the mucus layer on the surface of salmon scale in
water, and succeeded to estimate its thickness.

    !F!i!g !u!r !e! !1 !.! !C!o !n!c !e!p!t ! !o !f! !t!h !e! !s !t!u !d!y !.! !T !r !a!n !s !p!a !r !e!n!t b !i!o !m !a!t!e !r !i!a !l!s ! !a !r!e ! !s !c!a !n!e!d ! !b !y! !l!a !se!r ! !b !e!a!m ! !t!o ! !o !b!t!a !i!n ! !t!h !e! !i!n !f!or !m!a !t!i!o !n!
!a !b!o !u!t! !c!he!m !i!c !a!l! !b !o!n !d! !d !i!st !r !i!b !u!t !i!o !n!. ! !D !a!t !a! !we !r !e! !p !r!o !c!e!s !s !e!d ! !t!o ! !d !e!t!e!c!t !i!nt!e!r !f !a!c !e!s ! !o !f! !m !a!t !e!r !i!al!s ! !b !y! !u !s!i!n !g ! !e!d !g!e! !de!t!e!c!t !i!o !n!
!m !e!t!h !o!d !.!

EXPERIMENTAL PROCEDURE
    Figure 1 shows the concept of the study. We used water, glass and parylene as the model of multilayered
transparent material. Theoretically, Raman spectra image gives the information of transparent material interface
between the different chemical compositions. However, the pseudocolor image of non-processed Raman spectra was
insufficient to identify the interface between glass substance and liquid buffer. We found that the resolution of
pseudocolor image obtained from glass substance in liquid solution was dramatically lower than that of dry glass
sample, suggesting the difficulty of high resolution detection of the surface of wet samples. To overcome the
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problem, we applied the zero-crossing based edge detection method [3] to Raman scattering intensity of the target
chemical bond (figure 1). The method searches for zero crossing in a second-order derivative expression in order to
find the interface of materials. For the offline-data analysis, spectra data were processed by a hand-made macro-
program running on IgorPro. The program consists of the data interface to load the three-dimensional Raman
scattering data, data processing and visualization of results.
    The fresh and non-frozen chum salmon (Oncorhynchus keta, 80 cm SL.) was purchased from a local fish
market. Scales were removed from the skin and immersed into the milliQ water for the LRS measurement to detect
the mucus layer.

R !E!S !U!L !T!S ! !a !n!d ! !D !I !S!C !U !S!S !I !O !N!
    !W !e! !a!p !p !l!i!e !d! !t!h !e! !t!e !c!h!n !i!q !u!e ! !t!o ! !R!a !m!a !n! !S !p!e !c!t!r !a! !a!c!q !u!i!r !e!d ! !f !r!o !m ! !l!a !y!e!r !s ! !o !f! !g !l!a!s !s ! !s !u!b !s !t!rates ! !a!n !d! !p !a!r!y !l!a!n !e! !( !f!i!g !u!r !e! !2 !)!.! !To
estimate the parylene thickness, we focused on the data of Raman scattering intensity of C-H bond in parylene (2930
cm-1). W !e! !f !i!r !s !t! !p !r!o !c!e!s !s !e!d ! !t!h !e! !Raman s !c!a!t !t!e !r!i!n !g! !i!n !t!e!n !s !i!t !y! !b !y! !u !s!i!n !g! !t!h !e! !s !m !o!o !t!h!i!n !g! !f !u!n !c!t!i!o !n! !t!o ! !l!e !a!v!e! !o !u!t! !q !u!a!n !t!i!z !a!t!i!o !n!
!n !o!i!s !e !.! !T!h !e!n!,! !s !e!c!o !n!d !- !o!r !d!e!r ! !d !e!r !i!v !a!t!i!v !e!s ! !w !e!r!e ! !c!a!l !c!u!l !a!t!e!d ! !a!l !o!n !g! !z !- !a!x!i!s !. ! !A !l!t!h !o!u !g!h ! !m !u!l !t!i!p !l!e! !z!e!r !o ! !c!r !o!s !s !i!n !g! !p !o!i!n !t!s ! !w !e!r!e !
!o !b!s !e!r !v!e !d! !i!n ! !s !e!c!o !n!d ! !o !r!d !e!r ! !d !e!r!i!v !a!t!i!v !e!s !,! !t!h !e! !s !i!d !e! !z!e!r !o ! !c!r !o!s !s !i!n !g! !p !o!i!n !t!s ! !o !f! !p !e!a!k! !R!a !m!a !n! !s !c!a!t !t!e !r!i!n !g! !i!n !t!e!n !s !i!t !y! !c!o !r!r !e!s !p!o !n!d !e!d !
!t!o ! !t!h !e! !i!n !t!e!r !f !a!c!e! !b !e!t!w !e!e!n ! !t!r !a!n !s !p!a!r !e!n !t! !m !a!t!e !r!i!a !l!s ! !( !f!i!g !u!r !e! !2 !B!) !.! !T!h !e! !v !a!l!i!d !i!t !y! !w !a!s ! !c!h !e!c!k !e!d! !b !y! !t!h !e! !c!o !m !p!a!r !i!s !o !n! !o !f! !m !e!a!s !u !r!e !d!
!a!n !d! !r !e!a!l! !p !a!r!y !l!e!n !e! !t!h !i!c !k!n !e!s !s ! !( !f!i!g !u!r !e! !2 !C!) !.! !T!h !e! !m !e!t!h !o!d ! !a!l !l!o !w !s! !m !e!a!s !u !r!e !m!e !n !t! !o !f! !>!3 ! µ!m ! !t!h !i!c !k!n !e!s !s ! !w !i!t !h! !e!r !r !o!r ! !r !a!n!g !e! !l!e !s !s !
!t!h !a!n ! !1 !.!0! µm !.! Decreasing of confocal z-axis stepping slightly improved the estimation resolution, and detection
threshold. We were not able to detect the Raman scattering of 50 nm thickness parylene. Although we found the
slight gap in interface between glass substrate and parylene (figure 2B), the thickness of gap was less than the error
range.
    Finally, !W !e! !m !e!a!s !u !r!e !d! !t!h !e! !t!h !i!c !k!n !e!s !s ! !o !f ! !m !u!c !u!s ! !o !n! !t!h !e! !s !u!r !f !a!c!e! !o !f! !s !a!l !m!o !n! !s !c!a!l !e! !i!n ! !w !a!t!e!r !,! !s !m !i!l !a!r ! !w !i!t !h! !t!h !e! !n !a!t!u !r!a!l !
!c!o !n!d !i!t !i!o !n! !( !f!i!g !u!r !e! !3 !)!.! !B!a !s !e!d! !o !n! !t!h !e! !s !p!e !c!t!r !a! !o !f! !c!o !l!l!a !g!e!n ! !a!n !d! !h !y!d !r!o !x!y ! !a!p !a!t!i!t !e! !c!o !n!s !i!s !t !i!n !g! !s !c!a!l !e!s ! !a!n !d! !o !r!g !a!n!i!c ! !c!o !m !p!o !u!n !d!s !
!i!n ! !m !u!c !u!s !,! !o !u!r ! !e!s !t !i!m !a!t !i!o !n! !o !f! !m !u!c !u!s ! !l!a !y!e!r ! !w !a!s ! !3 !8±1 ! µm ! !( !f!i!g !u!r !e! !3 !B!,! !C; n=3 scales, mean±!S.D.) !.! !M!u !c!u !s ! !l!a !y!e!r ! !o !n! !t!h !e!
!s !c!a!l !e! !u !n!d !e!r! !t!h !e! !n !a!t!u !r!a!l ! !c!o !n!d !i!t !i!o !n! !w !a!s ! !t!i!c !k!e!r ! !t!h !a!n ! !t!h !a!t! !o !n! !t!h !e! !h !u!m !a!n ! !r !e!s !p!i!r !a!t !o!r !y! !e!p !i!t !h!e!l !i!a !l! !c!e!l !l!s ! !( !0!.!5 ! !~! !5 µ!m !)! ![ !1!] !. T!h !e!
!r !e!s !u!l !t!s ! !s !u!g !g !e!s !t!e!d ! !t!h !e! !i!m !p !o!r !t!a !n!c!e! !o !f! !m !u!c !u!s ! !o !f! !a!q !u!a!t !i!c ! !a!n !i!m !a!l !s ! !u !n!d !e!r! !t!h !e! !w !e!t! !c!o !n!d !i!t !i!o !n!. ! Proteomics studies showed
that mucus contain a variety of metabolic enzymes [4]. Further chemical identification will shed the light on the
unknown mucus function.
    Under the wet condition, the estimation of thickness of scale was 6.2±2 µm (n=4). The estimation was greatly
different from that of dried and fixed scale samples by using the scanning electron microscopes (~1µm). The result
suggested the importance of characteristics test of biomaterials under the wet condition.
    W !e! !b !e!l !i!e !v!e! !t!h !a!t! !o !u!r ! !s !i!m !p !l!e! !i!m !a!g !e! !p !r!o !c!e!s !s !i!n !g! !t!e !c!h!n !i!q !u!e ! !i!s ! !a!p !p !l!i!c !a!b!l !e! !t!o ! !n !o!t! !o !n!l!y ! !a!n !a!l!y !z!i!n !g! !t!h !e! !w !e!t! !b !i!o !m !a!t!e !r!i!a !l!s !,!
!b !u!t! !a!l !s !o! !u !n!i!v !e!r !s !a!l!l!y ! !u !s!a !b!l !e! !N !o!n ! !D !e!s !t!r !u!c !t!i!v !e! !I !n!s !p !e!c!t!i!o !n! !f !o!r ! !t!r !a!n !s !p!a!r !e!n !t! !m !i!c !r!o ! !d !e!v!i!c !e!s !.!

    F!i!g !u!r !e! !2 !.! !A!p !p !l!i!c !a!t!i!o !n! !o !f! !L !R!S! !a !n!d ! !e!d !g!e! !d !e!t!e!c!t !i!o !n! !m !e!t!h !o!d ! !t!o ! !t!h !e! !m !e!a!s !u !r !e!m !e!n!t ! !o !f! !p !a!r !y!l !e!n!e! !l!a !y!e!r ! !t!i!c !k!n!e!s !s ! !b !e!t!w!e !e!n !
!g !l!a!s !s ! !m !a!t !e!r !i!a !l!s ! !( !A!)!. ! !T !h!e ! !s !p !e!c!t!r !a ! !i!n !t!e!n !s !i!t !y! !a !n!d ! !i!t !s ! !s !e!c!o !n!d ! !o !r!d !e!r ! !d !e!r !i!v !a!t!i!v !e! !w!a !s ! !p !l!o!t !t!e !d! !( !B!)!. !C!,! !C!o !m!p !a!r !i!s !o !n! !o !f! !r !e!a !l!
!p !a!r !y!l !e!n!e! !t!h !i!c !k!n!e!s !s ! !a !n!d ! !m !e!a!s !u !r !e!d! !p !a!r !y!l !e!n!e! !l!a !y!e!r ! !b !e!t!w!e !e!n ! !c!o !a!t !e!d! !g !l!a!s !s ! !a !n!d ! !g !l!a!s !s ! !s !t!a !g!e ! !b !y! !u !s!i!n !g! !L !R!S! !a !n!d ! !e!d !g!e!
!d !e!t!e!t !c!t!i!o !n! !m !e!t!h !o!d !.! !A!v!e!r !a !g!e !s ! !o !f! !6 ! !t!r !i!a !l!s ! !a !n!d ! !S !.! !D !.! !a !t! !d !i!f !f!e !r !e!n!t ! !c!o !n!f !o!c!a !l! !z !- !a!x!i!s ! !s !t!e !p!p !i!n !g! !m !o!d !e! !w!e !r !e! !p !l!o!t !t!e !d! !( !n!= !6! !a !t!
!e!a !c!h! !d !a!t!a ! !p !o!i!n !t!) !.!
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    F!i!g !u!r !e! !3 !.! !D !e!t!e!c !t!i!o !n! !o !f! !m !u!c!u !s ! !l!a !y!e!r ! !o !n! !a ! !s !a!l !m!o !n! !s !c!a !l!e! !( !A!)! !i!n ! !w!a !t!e!r ! !b !y! !u !s!i!n !g! !L !R!S! !a !n!d ! !e!d !g!e! !d !e!t!e!c!t !i!o !n! !m !e!t!h !o!d !.!
!S !e!c!o!n !d! !o !r!d !e!r ! !d !e!r !i!v !a!t!i!v !e! !( !B!)! !w!a !s ! !c!a !l!c!u !l!a !t!e!d ! !f!r !o !m! !t!h !e! !r !a!w ! !s !p !e!c!t!r !a ! !d !a!t!a ! !( !C!) !.! !M!e!a !s!u !r !e!d ! !t!h !i!c !k!n!e!s !s ! !o !f! !m !u!c!u !s ! !w!a !s ! !~!3 !8!
µm!.! !S !c!a !l!e! !b !a!r ! != ! !1 !.!0 ! !m !m.!
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ABSTRACT

We developed a high-sensitive platform to monior multiple hybridization events in real time. By creating a micro-
optical array in a polymeric chip, the system combine the excellent discriminative power of supercritical angle fluores-
cence (SAF) microscopy with high-throughput capabilities of microarrays. The micro-optical array is easy to fabricate, 
and exhibits significantly improved analytical performance. It has a potential to become a basic tool for applications such 
as gene expression or single nucleotide polymorphism (SNP) detection. 
 
KEYWORDS: Supercritical angle fluorescence; Micro-optics; DNA microarray; Real-time monitoring 

 
INTRODUCTION

Despite the great popularity and potential of DNA microarrays, their use has been limited by the low sensitivity and 
non-specific binding. One efficient way to improve target discrimination is to monitor hybridization in real time [1]. Su-
percritical angle fluorescence (SAF) microscopy selectively measures target signals from the sensing surface and is par-
ticularly suitable for real-time detection [2]. However, applying SAF to microarray sensing has seldom been reported as 
the optical setup is bulky and not practical for multiplexed detection. Here, we developed a novel platform to couple the 
excellent discriminative power of SAF with high-throughput capabilities of microarrays. By creating miniaturized micro-
optical structures on a polymeric chip, the platform allows real-time monitoring of parallel DNA hybridization with 
much enhanced sensitivity and specificity.  

 
CONCEPT

Figure 1 illustrates the principle of operation of the micro-
optical structure. For fluorophores situated at refractive-index dis-
continuities, the spatial emission pattern of the fluorescence is ani-
sotropic. Significant portion of the radiation is emitted into the high 
refractive medium in the direction of critical angle, known as SAF. 
For any planar substrate, SAF is trapped in the substrate and cannot 
be collected. In order to detect the SAF emission, we innovatively 
structured cone-shaped micro-optical elements in cyclic polyolefin 
copolymer (COC). The structure has flat top surface and sloped side- 
wall whereby the SAF emission can be efficiently captured by  
undergoing total internal reflection at the side-wall.  

 
 
The schematic diagram of the platform is shown in Fig-

ure 2. It consists of an array of micro-optical structures and 
components for optical detection. DNA probes are immobi-
lized on top of the array. If a fluorescent-labeled target is 
complementary to the DNA probe, hybridization occurs and 
the surface-bound molecules are excited by a laser diode. 
SAF emission is then captured by the micro-optical array 
and directed to a CCD detector underneath. The surface 
signal is very weak if the target is unspecific to the probe. 

 
 

EXPERIMENTAL 

Fabrication of micro-optical array 
The 8×8 micro-optical array was fabricated in cyclic polyolefin copolymer (COC) by injection molding (GuoSheng 

Precision Tool Co. Ltd, China) [3-6]. The master was made in hard aluminium using precision milling tool. Figure 3 
shows SEM image of the micro-optical array. The inner and outer diameters of the individual element were 120 and 200 

Figure 1: Principle of using the micro-optical
structure for SAF emission detection. 

Figure 2. Schematic diagram of the detection platform.
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μm, respectively, and the height was 70 μm. The distance between each element was 400 μm. The surface roughness of 
the COC waveguides was measured to be 10 nm.  

 
Probes and targets  

A 20-mer oligonucleotide of  Matrix gene of Avian Influenza virus (AIV) was 
synthesised and used as probe. The probe was modified at the 5’ end with a poly 
(T)10-poly (C)10 tail to facilitate the attachment to the plastic substrates as previ-
ously described [7]. The sequence of the oligonucleotide was 5´-
TTTTTTTTTTCCCCCCCCCC TCA GGC CCC CTC AAA GCC GA. Cy3-
labeled -3´. The probe was used for sensitivity test. Two targets, complementary 
and non-complementary, were hybridezed to the probe. The non-complementary 
target has the sequence of 5´- GGC CAG TAT TAG AAA CAA CA -3’, which has 
30% sequence homology as the specific target. Both targets were labelled with Cy3 
at the 5’ end for visualization. All the oligonucleotide probes and targets were syn-
thesized at DNA Technology A/S, Denmark. 

 
Probe immobilization 

A simple UV cross-linking technique was used to directly immobilize the poly(T)poly(C)-tagged DNA oligonucleo-
tide probes on native COC without any surface modification [7]. The probe was diluted in 150 mM sodium phosphate 
buffer (pH 8.5) containing 0.004% Triton X to a final concentration of 2-20 µM. Spotting was performed using a non-
contact array nano-plotter 2.1 (GeSim, Dresden, Germany). The Picoliter pin ejected 100 pl drops of  DNA probe on top 
of the micro-optical elements and the spot size was around 90 μm. The spots were allowed to dry and then exposed to 
UV irradiation at 254 nm with power of 3 mW/cm2 for 10 min (Stratalinker 2400, Stragtagene, CA, USA). Subsequently, 
the array was washed in 0.1× standard saline citrate (SSC) with 0.1% (w/v) sodium dodecyl sulfate (SDS) (Promega, WI, 
USA) solution, then rinsed in deionized water and dried by nitrogen. 
 
Hybridization  

For hybridization, Cy3-labeled complementary strand of the probe was used as target DNA and was diluted to a final 
concentration ranging of 1 nM in Perfect Hybridization Buffer (Sigma-Aldrich, MO, USA). 1 nM Cy3-labeled non-
complementary DNA target was also used to test unspecific hybridization. 20 µl samples were loaded directly on the mi-
cro-optical array. Hybridization was carried out at room temperature. For each experiment condition, hybridization was 
performed on ten replica spots and each experiment was repeated five times. 
 
Image acquisition and data analysis 

In the present study, the optics was optimized for fluorescent dye Cy3 and a 550 nm laser diode was used as a light 
source. Two achromatic lens (f = 50 mm, and f = 100 mm, Thorlab, USA) was positioned in the input path of the light to 
make a parallel beam. A lens array (p = 150μm, f = 6.7mm, Thorlab, USA) was used to redistribute the laser light to pro-
duce multiple laser dots with focused laser energy, so that only the area with DNA probes was illuminated. This not only 
increased the utilization efficiency of the laser energy, but also reduced background noise.  The interference filters were 

chosen for detection fluorescence around 570 nm upon excitation 
at 550 nm. Two achromatic lens (f = 60 mm, and f = 75 mm) were 
used to focus the signal onto the CCD camera. 16-bit greyscale im-
ages were generated on the CCD camera. Image acquisition and 
data analysis were done using a self-developed programs written in 
LabVIEW (Austin TX, USA). To monitor the real-time hybridiza-
tion process, images were acquired at 2 minutes interval. Quantita-
tive analysis was carried out by calculating the fluorescent intensity 
of the spots. The background was measured in the circular area sur-
rounding the spot. The fluorescence intensity used for analysis was 
background-subtracted and averaged across all the replicas. 
 
RESULTS AND DISCUSSION 

To test the ability for SAF collection, 10 μM Cy3-labeled DNA 
probe was spotted on the micro-optical array. After immobilization, 
water was applied on top of the array. Fluorescent images were 
taken from both the water (top) and the COC (bottom) side. When 
taking directly from the top, only a small dot was seen (Figure 
4a(i)); while for the image taken from bottom, a brighter dot sur-
rounded by a light ring was observed (Figure 4a (ii)) and the signal 
increased 16-fold. The light-ring corresponded to the SAF emis-
sion reflected at the side-wall of the micro-optical element.  

Figure 4. (a) Fluorescent images of DNA 
probe spotted on the micro-optical array. 

(b) Sensitivity test for the platform. 

Figure 3. SEM of the micro-optical
array in the COC chip.
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To determine the sensitivity of the system, Cy3-labeled probe was measured at concentrations ranging from 2 pM to 

20 µM on the micro-optical array, as shown in Figure 4b. The detection limit was 20 pM, corresponding to 0.15 fluoro-
phores per μm2. The low detection limit clearly indicated the high sensitivity of the system.   

 
The capability of the system for real-time measurements of bio-

molecular binding reactions was demonstrated by hybridizing the 
probe with 1 nM Cy3-labeled complementary and non-
complementary oligonucleotide targets. As illustrated in Figure 5, for 
perfect match target, the binding of labelled analyte to the surface 
was visible as a substantial increase in signal intensity to a maximum 
level within 10 min. For hybridizing with the mismatched target, de-
spite of the high concentration of free fluorophores in the bulk solu-
tion, only faint fluorescence signals were observed as an effect of 
non-specific adsorption of fluorophores. The mismatched target 
caused no further increase in the surface intensity. The results indi-
cated that SAF detection using the micro-optical array had high sur-
face selectivity and only imaged fluorophores in the near field. This 
feature allows continuous measurement of signals from the sensing 
surface without removing the bulk sample solution.  

 
CONCLUSION 

We have developed a novel system that utilized a micro-optical array to achieve SAF detection for multiple hybridi-
zation events in real time. Compared to conventional microarray systems, it provides enhanced fluorescence collection 
efficiency, high-surface selectivity and the ability of real-time measurements of hybridization. The platform will greatly 
expand the use and benefits of microarray technology. 
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BLOOD COAGULATION TESTING METHOD BASED ON FLOW 
VELOCITY MEASUREMENT USING A SURFACE PLASMON RESONANCE 

(SPR)-BASED MICROFLUIDIC DEVICE
Katsuyoshi Hayashi, Suzuyo Inoue, Yuzuru Iwasaki, Michiko Seyama, 

Tsutomu Horiuchi, Emi Tamechika
NTT Microsystem Integration Laboratories, Nippon Telegraph and Telephone Corporation, Japan

ABSTRACT
 We propose a blood coagulation testing method based on the measurement of the flow velocity near the bottom 
surface of a microchannel by using a surface plasmon resonance (SPR)-based microfluidic device. We were able to 
distinguish the coagulation ability in different human plasma samples by observing the flow velocity change caused by 
coagulation that occurred at an interface between a plasma sample and a coagulation trigger agent while flowing in a 
microchannel. Our blood coagulation testing method is simply carried out by placing a 2 !L plasma droplet at the inlet of 
a straight PDMS microchannel and introducing the sample into the microchannel with passive pumping.

KEYWORDS
 Surface plasmon resonance (SPR), Blood coagulation testing, Flow velocity, Plasma, Coagulation trigger agent

INTRODUCTION
 Blood coagulation testing is widely used to diagnose thrombotic diseases and to control the dosage rate in 
anticoagulation therapy.  Blood coagulation results in changes in the physical parameters of plasma including its 
viscosity, light-scattering, and light-transmitting characteristics. Therefore, some blood coagulation testing methods have 
been developed based on the above physical parameters. A surface plasmon resonance (SPR) based biosensing technique 
is also widely used to measure the concentrations of biomarkers in biological fluids because it is label-free and highly 
sensitive. We have already developed a flow velocity measurement method based on the SPR measurement of a sample 
solution flowing in a microchannel [1]. A time-space refractive index (RI) map, which is constructed from the RI at 
stream-wise positions and its time change obtained with our SPR measurement system, gives us the flow velocity a few 
nanometers from the bottom surface of the microchannel. Our flow velocity measurement method also has the potential 
for use as a viscosity detection method for measuring coagulation time because the flow velocity of a sample solution is 
strongly related to its viscosity. 
 Here, we propose a new viscosity detection method for blood coagulation testing by using a surface plasmon 
resonance (SPR)-based microfluidic device.  In the work reported here, we studied the degree of blood coagulation 
caused by agents used to determine prothrombin time (PT) that can be distinguished by a portable flow velocity 
measurement system. 

EXPERIMENTS
 SPR measurement setup: We used a portable SPR instrument, SMART SPR (NTT Advanced Technology, 
Tokyo, Japan). Figure 1(A) shows the SMART SPR and a schematic representation of an SPR optical system combined 
with a microfluidic chip.  We used a wedge-shaped monochromatic beam whose maximum width was about 5 mm (480 
pixels). This illuminated the gold thin film, and a 2D-CCD camera detected the light that it reflected.  The RI distribution 
was obtained in the region where the SPR was observed in the microchannel. A sensing chip consisting of a BK7 glass 
chip covered with a gold thin film and equipped with a PDMS microchannel was mounted on the SPR instrument. The 
microchannel was 10 mm long and 1 mm wide, and the channel height ranged from 50 to 200 !m.

Flow velocity measurement principle: Figure 2 shows a schematic representation of a PDMS film with a 
microchannel and the SPR measurement area in the microchannel.   As mentioned above, we have already reported the 
basic concept of flow velocity measurement using an SPR-based microfluidic device [1].  We can observe a liquid-liquid 
interface in a microchannel when injecting two solutions (RI: n1, and n2, respectively) separately.  The flow velocity was 
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Figure 1 SMART SPR (A), SPR optical system with a PDMS microchannel for time-space refractive index (RI) 
measurement (B). 
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calculated from the migration distance (4.8 mm) and the 
migration time of the interface at the area where the 
SPR can be observed.

Blood coagulation testing protocol: Figure 3 
shows the coagulation testing protocol that we propose. 
First, the microchannel was filled with a coagulation 
trigger agent (Siemens), and 10 !L of the agent was 
placed at the outlet of the microchannel. We did not 
modify the internal microchannel with heparin or any 
other biocompatible materials that inhibit coagulation.  
When starting the blood coagulation testing, 2 !L of 
standard human plasma (Siemens) was placed at the 
inlet of the microchannel (Fig. 3A), and an interface 
was formed between the plasma and the coagulation 
trigger agent (Fig. 3B).  The temperature of the plasma 
and the trigger agent was adjusted to 37°C before the 
measurement.  The plasma was introduced into the 

microchannel by a surface tension driven pump [2, 3] and mixed with the coagulation trigger agent at the interface while 
flowing in the microchannel (Fig. 3C).  According to the Laplace Law, the smaller curvature radius of the smaller drop 
will induce a larger pressure and thus create a flow from the small drop towards the large drop.  We observed the 
migration of the liquid-liquid interface in the microchannel with the SPR measurement system, and then calculated the 
flow velocity with software that we designed.   With our method the coagulation occurs at the interface between the 
plasma and the trigger agent. Only a small amount of fibrin (a polymer formed from fibrinogen) is generated at the 
interface, and thus it is relatively easy to measure the flow velocity without experiencing a fibrin induced jam.

RESULTS AND DISCUSSION
Blood coagulation testing with flow velocity measurement: Figure 4A shows the relationship between the 

microchannel height, which was set at 50,  75, 100, and 200 !m and the flow velocity when standard human plasma was 
introduced into a microchannel filled with the coagulation trigger agent.  RI maps obtained at each channel height are 
also shown in Fig. 4B.  The vertical axis of the RI maps is the migration distance of the liquid-liquid interface, and the 
horizontal axis is time.  For channel heights of 50 and 75 !m, the liquid-liquid interface migrated to the lower right in the 
corresponding RI maps and the flow velocity was calculated as shown in Fig.  4A.  The RI became higher at each pixel as 
time passed (the color changed to yellow and then red).  The flow velocity increased as the channel height increased.  
The red region probably indicates the area where fibrin was generated.  On the other hand, for channel heights of 100 and 
200 !m, the liquid-liquid interface stopped migrating upstream of the microchannel and the flow velocity was not 
calculated.   In addition, it seems that the liquid-liquid interface obtained with the 200 µm high microchannel stopped 
further upstream than that obtained by the 100 µm high microchannel.  These results suggest that the flow velocity 
strongly affects the coagulation efficiency.  It is well known that a pressure-driven flow has a parabolic profile in a 
microchannel. As the volume flow rate increases, the parabolic profile becomes longer in the flow direction. To confirm 
the relationship between the parabolic profile and flow velocity, we used a microchannel in which the flow had stopped 
(channel height: 100 !m) and varied the flow velocity by changing the size of the droplet placed at the inlet port. We 
found that control of the flow velocity is one of the most important factors as regards blood coagulation testing in our 
measurement system (data not shown).

Relationship between activation rate of standard human plasma and flow velocity: In the PT measurement,  we 
prepared a calibration curve using plasma sample solutions with different activation rates,  and then examined the 
patient’s plasma by matching it with the calibration curve.  We also tried preparing a calibration curve using a 75 µm high 
microchannel and diluted standard human plasma sample solutions.  The activation rates of the sample solutions were 10, 
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Figure 2 PDMS film with a microchannel and an SPR 
measurement area in the microchannel (B).
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Figure 3 Blood coagulation testing protocol.  A microchannel is filled with a coagulation trigger agent. 10 !L of the 
coagulation trigger agent is placed at the outlet of the microchannel.  2 !L of plasma sample solution is placed at the 
inlet of the microchannel.  A liquid-liquid interface is formed at this time (A), (B).  The plasma sample solution is 
introduced into the microchannels by a surface tension driven pump, and the liquid-liquid interface also migrates in the 
microchannel (C).
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25, 50, and 75 %. Owren’s Veronal Buffer (Siemens) was used 
to prepare and dilute these sample solutions. Figure 5 shows the 
relationship between the activation rate of the plasma sample 
solution and the flow velocity. As the activation rate increased, 
the flow velocity decreased.  This is because the viscosity of the 
plasma increased owing to coagulation and the generation of 
fibrin as the activation ratio increased.  When the plasma 
activation rate was varied from 10 to 100%, the flow velocity 
also varied from 250 to 650 !m/sec.  These results show that 
we succeeded in differentiating between the activation rates of 
each sample solution.  Our method simply needs a rectangular 
microchannel with two ports, and does not require complex 
microfluidic systems to mix the plasma with the coagulation 
trigger agent.  Our approach is very simple and easy.  To apply 
our method to blood coagulation testing, we will need to 
convert flow velocity into PT and APTT  (activated partial 
thromboplastin time). However,  the conversion will be easy to 
accomplish by matching the calculated flow velocity with the 
PT and APTT examined using a conventional testing method.

CONCLUSION
 We have proposed a new method for performing a blood coagulation testing by means of SPR measurement,  and 
demonstrated its potential for clinical use. A parabolic profile of the liquid-liquid interface between standard human 
plasma and a coagulation trigger agent worked as a coagulation location, and we found that we could control the 
coagulation efficiency by controlling the flow velocity.  In this study, we used a surface tension driven pump, which is a 
very powerful tool for microfluidic devices. However, various pumps can be used with our method.  The accuracy of the 
measured data will be improved by using an automatic pipette.  Only one microchannel with two ports is required for our 
method, and no mixers or reactors are needed to initiate coagulation.  This approach is very simple, easy and quick to 
use.    In this study, we used agents to determine the PT, however our method can also be employed to determine the 
APTT and fibrinogen.  Our method, which we achieved with a portable SPR measurement instrument, will be a powerful 
tool for daily blood coagulation testing. 
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Figure 2.  Dynamic formation of agglutination (A-C) for 12 mg/L CRP 
and comparison of clumping between varying concentrations of CRP (0, 6, 
12mg/L, for D,E,F respectively. 

 
Figure 1.  Experimental setup.  A passive chip made of 
Polydymethylsiloxane-on-glass (A) is placed on a piezoelectric 
transducer (B). A general ALCAT structure is shown  in ). No external 
tubing or syringe pumps are required. 

RAPID QUANTITATION OF C-REACTIVE PROTEIN  
AGGLUTINATION WITH ACOUSTIC-ENABLED MICROVORTICES 

Arlene Doria, Nicholas E. Martin, and Abraham P. Lee 
Department of Biomedical Engineering, University of California - Irvine, USA 

ABSTRACT 
Agglutination assays have been developed to diagnose a host of different conditions including autoimmune 

disorders, sexually transmitted diseases, bacterial strain identification, and other infectious diseases. However, 
agglutination is often limited to qualitative analysis or semi-quantitative detection of high concentrations (mg/L) of an 
analyte. Here we present a microfluidic device that uses air-liquid cavity acoustic transducers (ALCATs) to quantify 
concentrations of C-reactive protein (CRP). Using ALCAT microstreaming, agglutination is enhanced through mixing 
while clumping is contained and measured in microvortices.  The setup allowed for the quick detection 500 ug/L CRP 
which is 12 times more sensitive than the corresponding slide test.    

KEYWORDS 
Agglutination, C-reactive protein, 
point-of-care, acoustic, ultrasound, blood, 
diagnostic , bead assay  

INTRODUCTION 
In agglutination slide test cards, beads 

coated with antibodies will clump in the 
presence of the antigen solution. 
Conventionally, agglutination assays are 
qualitative because the amount of 
clumping is not quantified.  However, 
light scattering (nephelometry) and light 
transmission (turbidimetry) techniques 
have been applied to quantify the clumps. 
The use of microscale geometry or force 
fields has also been exploited in 
agglutination assays [1].    Herein, we 
present a device that allows for easy 
quantitation of clumping at varying CRP 
concentrations. CRP is a general marker 
of inflammation or infection.  This 
unique detection method relies on 
ALCATs to produce microvortices where 
particles get trapped.     

ALCATs are air cavities that form 
naturally in hydrophobic devices filled 
with liquids.  When activated by an 
acoustic source, the air-liquid interfaces 
will oscillate and create stable cavitation 
streaming within a localized region of the 
surrounding liquid. ALCATs have been 
shown to be useful for pumping, 
mixing,cell/particle switching, and 
plasma separation [2][3].  Notably, 
ALCAT chips are passive single layer 
devices that are placed on top of an 
external acoustic transducer as the 
controller (Figure 1).  The dynamic 
vortices produced by geometrically 
equivalent ALCATs can serve as detection 
sites of concentrated bead clumping.  
Specifically, ALCAT vortices can be used 
as “counters” for metering the amounts of 
agglutinated beads in solution.  The sizes 
of these counters (or analogously the tick 
marks on a ruler) are tunable.  
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Figure 3.  Top image shows a snapshot ~600nm latex beads trapped  in 

microvortices generated by circular ALCATs. Spray particles are used to model 

the latex beads.  Computational fluid dynamic simulation of particles trapped in 

vortices is shown in the bottom image. Oscillating velocities are applied to three 

inlets.  Qualitative agreement is shown with experimental results. 

 

 

EXPERIMENT 

    Reagents from a 

commercially available CRP 

agglutination kit were used.  

A non-reactive control, 6 

mg/L CRP reactive serum, 

and 12 mg/L CRP of reactive 

serum were mixed with 1:2 

dilution of the latex bead 

solution (~600nm beads). One 

microliter of each solution 

was then immediately (< 2 

min) transferred to 

microfluidic chips.  The 

chips were designed with an 

array of circular ALCATs 

lining the sides of the 

channels(Figure 2). ALCATs 

were activated at 44 kHz and 

500 mV. Clumping was 

viewed under 50X 

magnification after a few 

minutes. Chips were made of 

polydimethylsiloxane bonded 

to a glass slides and fabricated 

using standard soft 

lithography techniques.   

    Figure 2A-C, shows snapshots of the 12 mg/L CRP sample showing disperse agglutinated beads (Figure2A) before 

ALCAT activation. Subsequent mixing with ALCAT activation is then shown (Figure 2B). After a few minutes, large 

agglutinated clumps are seen swirling within microvortices (Figure2C).  Figure 2 D, E, and F show differences in 

clumping between the varying concentrations (0, 6mg/L, 12mg/L, respectively).  Clumping was visualized with 

concentration as low as 500 ug/L CRP which is 12 times more sensitive than the corresponding slide test.     

Computational fluid dynamic simulations of particles in the presence of these vortices show qualitative agreement with 

experimental results (Figure 3).  Figures 4 and 5 show that clumping can easily be quantified with image analysis.  

Results show significant difference (p<0.001) between the average area of clumping of 6mg/L and 12mg/L CRP sera.  

The sum of the area of clumping per unit area is also shown to be linear in that region (Figure 5).   

 

 
 

 

 

 

Figure 4.  Quantitation of average clump area (red ellipses). The difference of mean area of clumping in a 

t-test assuming unequal variances is significant (P<0.001) where the means are 1134µm^2 (12mg/L CRP) 

and 482 µm^2 (6 mg/L CRP) 
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In summary, leveraging the versatile functions of ALCATs in mixing and particle trapping allowed for the quick detection 

of CRP at a lower limit of detection (500µg/L) compared to the slide test (6mg/L).  Clinically, CRP is now used in 

predicting patient risk for cardiovascular disease (CVD) [4] and is considered more accurate than cholesterol data.  

Specifically, CRP concentrations are stratified as such:  

    Less than 1.0 mg/L = Low Risk for CVD 

    1.0 – 2.9 mg/L = Intermediate Risk for CVD 

    Greater than 3.0 mg/L High Risk for CVD 

Hence, the CRP agglutination strategy described in this report may be used to assess patient risk to coronary problems. 

Furthermore, the method of analyte quantitation can be transferred to the detection of other analytes.  The geometry of 

the ALCAT structures can be optimized to increase sensitivity over current methods. Because ALCAT microstructures 

can be fabricated in only a single layer it is amenable to conventional manufacturing processes such as hot embossing and 

injection molding. This rapid detection technology can easily be integrated into point-of-care diagnostic applications.  
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Figure 5.  Total sum of clumping for varying concentrations of CRP per unit area. The sum of the area of clumping per 

unit area is also to be linear with the given CRP concentrations measured.    
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ABSTRACT 
Resonant techniques are of wide interest to detect variation of effective refractive index at a chip surface. Both Surface 
Plasmon Resonance (SPR) and dielectric resonant waveguide (RWGs) can be exploited. Through their design, RWGs 
allow more flexibility (size of the biomolecule to detect, detection angle…). Using specially designed RWG 
“Peak-tracking chip”, we propose to use spatial information from a simple monochromatic picture as a new label-free 
bioarray technique. We discuss robustness, sensitivity, multiplex detection, fluidic integration of the technique and 
illustrate it through bulk refractive index sensing as well as specific recognition of DNA fragment from gyrase A. 
 
KEYWORDS 
Bioarray imaging, label-free, refractive index sensing, resonance, grating 
 
INTRODUCTION 
Imaging techniques are intrinsically multiplex and have a large range of application in the field of biodetection. 
Imaging of biomolecules may involve the use of label (fluorophores, particles, quantum dot…). Through resonant 

properties, it is possible to detect the change of refractive index induced by biomolecules by measuring the intensity 
change, and therefore perform label-free detection. This has significant advantage as the use of labels induces extra 
time and consumables, and labels may also infer with biological reactions. Bioarray imaging using resonant 
properties has been widely developed using surface plasmon resonance imaging (SPRi) [1]. An alternative to 
plasmonic resonance is guided wave in dielectric structures. However, despite significant advantages (tunability 
considering the size of the molecule to detect, optical configuration), resonant waveguide grating imaging (RWGs)) 
has seen less development. While grating fabrication is no longer a limiting factor, this is explained by background 
issues in highly monochromatic imaging. Direct imaging on RWGs has therefore been demonstrated only in dry 
phase on reflective substrate [2]. Indeed, background contributions in real-time imaging with fluidic integration 
renders difficult to extract tiny variations of reflectivity in the order of R~10-4.  
These difficulties may be encompassed by the use of intensity sequences. Till now, this has been implemented 
through spectral or angular sequences, involving costly instrumentation. Angular sequences are obtained by highly 
precise scanning [3]. Spectrum may be measured either by through monochromatic images sequences by incident 
wavelength scanning using tunable light source [4] or by using spectro-imager [5]. An alternative way to obtain 
robust measurement using direct 2D imaging is to exploit spatial information of a specially designed “Peak-tracking 
chip” (PTC).  
 
“PEAK-TRACKING CHIP” (PTC) PRINCIPLE 
Our technique is based on chip with adjacent micropads, of slowly evolving resonant position. For multiplex purpose, 
micropads are grouped in “tracks”, and chip with several “tracks” can be imaged using simple camera. In Figure 1, we 

give (A) a scheme of the chip and its imaging set-up, with 6 tracks on the surface, as well as (B) detailed track scheme 
being a sequence of micropads of period i and filling factor fi=di/i, with di the width of the groove as illustrated in 
(C).  

Source

Polarizer

Monochromator

(A)
“Peak tracking chip” (PTC)

Track 1 Track 2 Track 3 Track 4 Track 5 Track 6

(B)

Track

f1, 1

fi, i

fp, P

...

...



fi=di/i

i
fi=di/i

(C)

 
Figure 1: (A) Scheme of the chip and imaging set-up  

(B) Top-view of a “track” composed of micropad units with neighboring resonant conditions.  
(C) Micropads top view and side view with period i and filling factor fi   
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With the possibility of using a 2D M×N geometry to use the full capability of bidimensionnal imaging few tens of 

tracks can be imaged in parallel (taking into account track area ~1mm×200m and distance between them ~2mm). 
Units of neighboring resonant condition can be obtained varying resonant waveguide grating geometry. We will 

discuss detection with chip of varying period and varying filling factor. Bulk experiments will be demonstrated with 

water/glycerol medium of refractive index varying between 1.333 and 1.474. Biological application will be presented 

through 100bp~30 kDa DNA strand detection in the framework of mutation in gyrase A observed in resistance to the 

antibiotic ciprofloxacin in evolution studies [6].  

 

EXPERIMENT 

 Set-up and chip structure 
The set-up is composed of a white light high power LED illuminating our “Peak-tracking chip”, and a simple 

commercial camera to image the chip (Figure 1). The incident light is TM polarized by using linear glass polarizer, and 

filtered angularly and spectrally with a monochromator and adapted optical set-up to illuminate the chip under the 

wavelength =547 nm with spectral resolution =0.2 nm and angle =17° with angular resolution =0.008°. The 
chip has been optimized for imaging in green under an incidence angle close from normal. The central period of the 

chip is =450 nm and filling factor f=0.5, on a guiding layer SiN of index n~2 and thickness t=0.28 etched on 

h=.15. The chip is mounted on a fluidic holder, itself placed on an (3 rotations-3 axis) optical holder for fine 
adjustment of the chip position. 

 Bulk experiment 

Media of different composition in water-glycerol 100:0, 80:20, 60:40, 40:60, 20:80, 0:100 are introduced in the 

different chambers. Their refractive index varies between n =1.333 and n =1.474 by step n=0.028.  

We test refractive index sensing both with period variation PTC (micropads of period from 1=440 nm to P=460 nm 
at constant filling factor f=0.5 by step of 2 nm), and with filling factor variation PTC (from f1=0.3 to fp=0.7 at constant 

period =450 nm with step f=0.0089). The steps are limited by our e-beam fabrication system. In Figure 2(A) we 
give the picture of the track with period variation used for sensing the medium n=1.388. The corresponding profile is 

given in Figure 2(B) with bold line. Profiles of other media with n=1.333 to 1.474 are also given. We then test the 

filling factor variation PTC. The track picture for the sensed index n=1.388 is given in Figure 2(C) and the 

corresponding profile in Figure 2(D). From these profiles, we also see that the chosen range for parameters of the PTC 

(either with period or filling factor variation) allows coverage of the whole range n=[1.333-1.474]. Refractive index 
span for various liquid media is therefore not a limitation of the technique. Filling factor variation PTC allows better 

sampling of the profiles. For biological sensing, the shift resulting from a ~nm thick layer of induces, changes to detect 

are in fraction of micropad unit. For accurate and sensitive sensing, biological detection is realized with the filling 

factor variation PTC design.  
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Figure 2. (A) Experimental picture for chip with bulk medium of index 1.388 (B) Profiles for period variation with 

index between 1.33 and 1.474 (C) Experimental picture for chip with bulk medium of index 1.388  

(D) Profiles for period variation with index between 1.33 and 1.474 

 
 Single nucleotide polymorphism (SNP) 

The phenomenon of resistance to antibiotic is a growing problem. Studies in a microfluidic device (silicon chip) 

designed to mimic the spatial heterogeneity of human body demonstrated that emergence of resistance might occur 

within 10 hours [6]. These studies were realized on E. coli model, using ciprofloxacin antibiotic. Whole genome 

sequencing of resistant colonies after 24 hours experiments demonstrated 4 reproducible SNPs in genes that might be 

associated with resistance (e.g. gyrA, rbsA, marR). Although dynamics and genotypic characterization already 

answered some key phenomenon of evolution processes, there is still a lack of information in the time dependence of 

mutations as well as in the spread of resistance to the population. Evolution of resistance to antimicrobial drugs has 

concentration, spatial, temporal, bacterial mobility components dependence, which need more detailed 

characterization. Whole genome sequencing is not appropriate technology for statistical population analysis. Such 

analysis may benefit of targeting known mutations on a biochip.  

Our first efforts concentrate on detecting gyrase A mutations. For this purpose, we choose 3 probes, one corresponding 
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to the wild type gyrase A DNA fragment, one to the mutated version of DNA fragment, and one negative control. Their 

sequences are the following: PA: 5’-T10CGCCAGATACCGTGCTAG-3’, PAmut: 

5’-T10CGCCAGATACTGTGCTAG-3’ and PE: 5’-T10TACCGAGCTGTTCCTTGTG-3’. PE corresponds to negative 

control, specific to unrelated gene from E. coli K12 genome. We first immobilize the probes with a hydroxyl based 

chemistry and amino silane. After appropriate rinsing, the chip and holder are then passivated to avoid unspecific 

binding. Finally, a 100 base pair DNA target corresponding to the wild type sequence is introduced in the solution. Its 

sequence TA is 3’-GCGGTCTATGACACGATCGTCCGCATGGCGCAGCCATTCTCGCTGCGTTATATGCTGGT 

AGACGGTCAGGGTAACTTCGGTTCTATCGACGGCGACTCTG-5’. The calculated melting temperature in 5X 

SSC buffer solution, is Tm=68.7°C for the exact match case and Tm= 58.6 °C for the mismatch, so a difference of 
10.1 °C. Therefore, to be able to detect the targeted SNP, we improved the hybridization buffer by adding 25% 

formamide and increased the hybridization chamber temperature to 42°C. To reduce the background with our 

transparent chip and have good temperature control, we choose a black anodized aluminum chamber [7]. The 

chamber is warmed using 6 resistances on the back of the chamber, and the temperature thermo-controlled for 

proper stabilization. Figure 3(A) gives the scheme of the hybridization experiment. From theoretical modeling, 

further confirmed on the large index range span; a shift of 0.1 micropad corresponds to a refractive index change of 

7×10
-4

 or 0.7 ng/mm
2
 which is coherent with our expectation.  
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Figure 3: (A) Scheme of the chip which is used as front cover of the fluidic structure with 3 probes: 

PAmut (mismatch case, single nucleotide polymorphism with the target), PA (mismatch, specific to the 

target), and PN (negative control) (B) Measured peak shift for the track with probes with matched 

sequence and mismatch sequence corrected from background contribution 

 

In conclusion, we demonstrated a new label-free imaging method based on RWGs imaged with simple and cheap 

set-up, and robustness obtained through the “Peak-tracking chip” design. Multiplex aspect and applications to large 

refractive index span as well as sensitive detection were demonstrated. We demonstrated also the fluidic integration 

for imaging with dark background and simple implementation of temperature control for real-time SNP detection.   
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ANALOG IMAGE SENSOR FOR HIGHLY-SENSITIVE 
SPECTROSCOPIC IMAGING  
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ABSTRACT 
    In this paper, we propose a highly sensitive laser spectroscopic imaging method without scanning process.  We 
have investigated analog signal processing circuits, which are supposed to be installed to each pixel of a CMOS 
image sensor.  In the imaging method, modulated signal is extracted from background before signal digitization.  
It gives wider dynamic range compared to conventional image sensors, including our former report [1].  The 
imaging time is also much shorter than scanning imaging methods [2].  We designed the circuits for photothermal 
spectroscopy as an example of application, where the high background signal must be removed for highly-sensitive 
detection. 
 
KEYWORDS 
Analog signal processing, Imaging, Photothermal spectroscopy 

 
INTRODUCTION 

Highly sensitive and fast spectroscopic imaging is a prospective tool for observing biomolecule behavior.  In 
general, high sensitivity can be achieved by signal recovery process with modulation and demodulation.  For 
demodulation process, frequency selective detections device such as a lock-in amplifier are commonly utilized.  On 
the other hand, fast imaging is achieved by non-scanning imaging process with detector arrays such as an image 
sensor.  It is difficult to install the demodulation device to each pixel of the to image sensor.  Grauby et al. [3] has 
developed a demodulation process with image sensor, which utilizes synchronous detection of the modulated signal 
and digital signal processing extracting the targeted component in the digitized signal.  However, its sensitivity has 
been inferior to the lock-in amplifier because the background component cannot be removed before the signal 
digitization.  The digitized background limits the gain of signal amplification which is required to detect weak 
signal hindered by noise.  In this paper, we propose an analog signal processing method, which is supposed to be 
installed to the image sensor.  By installing background filtering and amplification circuits on each pixel of image 
sensor, the signal can be amplified sufficiently before digitization.  As an example of the circuits, we designed an 
analog electrical circuit for photothermal spectroscopy.  The feasibility of the analog signal processing is 
investigated by detecting the photothermal signal, obtained with a photodiode as a model system. 
 
CONCEPT 

Figure 1a shows a conventional imaging system with a laser-scanning process.  In the imaging of trace amounts 
of analytes in micro devices, the signal is recovered by using a lock-in amplifier in order to gain high S/N and/or S/B.  
However, it requires long-time (slow) scanning.  Figure 1b shows a novel imaging method with an image sensor.  
In this conception, the image sensor two-dimensionally detects the modulated signal.  Frequency-selective 
detection is achieved by analog electrical circuits on each pixel of the image sensor as shown in Figure 2. 

  

Figure 1. Concept of laser imaging methods.  (a) Imaging method with scanning process. Modulated signal 
is extracted from background by lock-in amp.  (b) Imaging method with an image sensor.  Modulated 
signal is two-dimensionally detected.  
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EXPERIMENTAL 

The analog circuits were designed 

for photothermal spectroscopy with a 

photodiode (PD).  Non-fluorescent 

analyte absorbs excitation light, release 

thermal energy via non-radiated 

relaxation, and generates the 

temperature distribution corresponding 

to refractive index distribution.  The 

refractive index distribution acts as a 

transient lens and modifies the locus of 

the probe light.  The analyte 

concentration can be determined by 

measuring the degrees of the lens 

which are proportional to the 

absorbance of the excitation light.   

Figure 3a illustrates the 

experimental setup.  The excitation 

and probe beams are modulated by the 

acoustic optical modulators (AOM), 

coaxially aligned, and focused in dye 

solution sample (SudanⅣ in toluene) 

in a microchannel.  The excitation and 

probe beams were modulated at 1743 

Hz and 2010 Hz, respectively.  In this 

case, photothermal signal was detected 

as a beat signal.  Figure 3b illustrates 

the scheme of the modulation and the 

interfered beat signal.  The beat has a 

frequency equal to the difference 

between two modulation frequencies 

(267 Hz).  Figure 3c shows the block 

diagram of the signal processing. The 

signal of 267 Hz is selectively filtered 

by a bandpass filter (BPF) and 

amplified by an amplifier.  Then, the 

amplitude is converted to DC signal by 

a rectifier.  The signal is fed into an 

A/D convertor and recorded by PC.  

 

RESULTS AND DISCUSSION 

Figure 4 shows an example of the calibration curve.  The signal was averaged for 10 seconds.  The sample of 

1.0×10
-7

 M (1.9×10
-5

 abs.) gave 0.183±0.005 V.  As shown Table 1, it is equivalent to the sensitivity of thermal lens 

imaging with CCD detection [1], and lower than that of TLM with lock-in amplifier [2].  From the S/N at the 

concentration, the detection limit of 5.0×10
-9

 M (9.5×10
-7

 abs.) was expected, but the signal of 5.0×10
-8

 M was not 

distinguished with the blank because of the rectifier character.  After improving the character, much lower detection 

Figure 3. (a) Experimental setup of photothermal 

spectroscopy.  (b) Scheme of the modulation and the 

interfered beat signal.  (c) Block diagram of analog 

electrical circuits for beat signal detection.  

(a) 

(b) (c) 

Figure 2. Concept of frequency-selective detection system with an image sensor.  The analog electrical 

circuits for removal of background are installed on each pixel of an image sensor. 
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limit is expected. 

 

 

Imaging
Sensitivity 

(absorbance)
Time resolution

PD with lock-in amplifier ○ 10-6~10-9 min - hour

CCD detection ○ 1.4×10-5 sec

PD with analog circuits × 1.9×10-5 sec

○Enabled by CMOS sensor
 

 

CONCLUSIONS 

In this paper, we have investigated a highly sensitive laser spectroscopic imaging method without scanning 

process with a photodiode-analog-circuit model.  We have investigated the analog signal processing method for the 

image sensor.  The detection limit of TLM with the circuits was 1.9×10
-5

 abs.  In the future work, we will integrate 

the optimized circuits on CMOS image sensor for realizing a novel imaging method. 
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Figure 4. Calibration curve of photothermal signal obtained with analog electrical circuits. 

Table 1. Comparison of imaging systems for photothermal detection.  The sensitivity of CCD detection 

was measured by using previously developed method [1]. 
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OPTOFLUIDIC DEVICE FOR HIGH RESOLUTION VOLUME 
REFRACTIVE INDEX MEASUREMENT OF SINGLE CELL 

Antoine Leblanc-Hotte, Raphael St-Gelais and Yves-Alain Peter 
Department of Engineering Physics, École Polytechnique de Montréal, Montréal, Québec, Canada

ABSTRACT 
This paper reports a label-free biosensor combining microfluidics and optical detection based on a Fabry-Perot 

refractometer. The device monolithically integrates waveguides coupled to distributed Bragg mirrors and also a 
hydrodynamic particle injector enabling cells to enter the sensor cavity. Recent developments in sub-populations 
identification based on volumetric refractive index measurements of single glass beads are discussed. A statistically 
significant difference between two sub-populations of glass beads was found when particles flow through the detection 
region. 

KEYWORDS 
Optofluidic, Refractometer, Fabry-Perot, Microfluidics, MEMS 

INTRODUCTION 
Miniaturization and integration of optical and microfluidic structures on a single platform, in order to perform 

particles count and differentiation, are of great interest for life sciences research. We reported previously an all-silicon 
volume refractive index sensor for homogenous liquids [1] with a resolution of 1.7x10-5 RIU (Refractive Index Unit), 
which we now apply for particle (e.g. cells) characterization. Other research groups previously used similar detection 
principles for trapped cells refractive index measurement with coated optical fibers [2], or for characterization of 
immobilized cells in an out of plane resonant cavity configuration [3]. Compared to these works [2, 3], the novel 
BioMEMS presented in this paper allows a significantly higher throughput (up to several counts per second) for the 
characterization of large population of cells. Our device therefore offers the potential to become a complementary 
analysis tool for flow cytometers and haematology analyzers by allowing the detection of small variation in sub-
populations based on their refractive indices.

OPERATION PRINCIPLE 
The optofluidic device integrates, on a single Silicon On Insulator (SOI) platform (11 µm thick device layer), 

microfluidic channels in a hydrodynamic focusing configuration [4] (Fig. 1) and an optical detection system based on a 
Fabry-Perot resonant cavity with curved waveguides. The Fabry-Perot cavity was designed using the formalism 
presented in [5] to achieve optimal parameters for refractive index detection. The dimensions of the waveguides were 
simulated using the beam propagation method (RSoft) to provide the highest optical fiber-waveguide coupling by 
conserving the shape of the optical mode. Figure 1 (a) shows the working principle of the device, while Fig.1 (b) presents 
the microsystem in a 3D schematic view. When a glass bead enters the cavity, the effective volume refractive index 
changes, inducing a shift of the Fabry-Perot resonance peaks. At a fixed wavelength, in the slope of the resonance peak, 
the measured transmission changes proportionally to the size, refractive index and velocity of the particle. 

a) b) 

Figure 1. (a) Schematic view of the device working principle. (b) 3D schematic view of the device.

EXPERIMENTAL 
Microfabrication of the device is divided in two steps, both comprising regular photolithography and DRIE (Deep 

Reactive Ion Etching). In the first step, microfluidic channels and distributed Bragg mirrors are defined and etched down 
to the buried SiO2 layer. The second fabrication step defines and etches rib waveguides, which will couple light from 
SMF28 optical fibers to the Fabry-Perot cavity. The SOI wafer is subsequently cut into small pieces using a dicing saw 
(ADT, Provectus 7100) and an optimized process that yield diced facets of optical quality. The measured roughness on 
waveguide facets was 5.5 nm, which provides optical coupling with negligible scattering losses. Finally, the 
microchannels are sealed with a Pyrex top layer by anodic bonding [6].  Figure 2 presents a scanning electron micrograph 
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of a part of the optofluidic device including the microfluidic channel, the two Bragg mirrors forming the Fabry-Perot 
cavity and a portion of the waveguides. 

 

 
Figure 2. SEM image of the interferometer 

 
Prior to particle injection and detection, a broadband light source (Newport, BBS-430) and an Optical Spectrum 

Analyzer (Agilent, 86142A) were used for initial optical characterization of the interferometers. Certified refractive index 
oils (Cargille Laboratories, Series AA) were used to test the sensitivity of the device. A linear relation was established 
between the displacement of the resonance peak’s maximum and the refractive index of the certified RI fluids, yielding a 
555 nm/RIU sensitivity.  Once the resonance peaks were located (Fig. 3 (a)), a tunable laser source (Agilent, 81600B) 
was fixed at a wavelength close to the resonance peaks. A fast InGaAs detector (ThorLabs, DET01CFC) connected to an 
oscilloscope was used to measure the collected output light intensity. Glass beads of 3.5µm and 6.1µm diameter (Bangs 
Laboratory, SS05N/5903 and SS06N/10061) were mixed in deionized water in a final concentration of 3x106 beads/ml. 
The expected refractive index difference between the two groups of glass beads, when in the center of the cavity, is 
around ∆n~0.01 (considering an effective optical mode diameter of 7.5 µm).  Syringe pumps (New Era, NE-300 and NE-
4000) were used to flow the centered sample solution and the side focusing solutions (see Fig. 1 (a)) at a rate of 1.0 
µl/min and 2.89 µl/min respectively. The measured signals of hydrodynamically focused beads flowing through the 
cavity were statistically analyzed to differentiate the two sub-populations.  
 
RESULTS AND DISCUSSION 

Figure 3 (a) presents the transmission spectra of the interferometer with and without a glass bead inside the optical 
cavity. Figure 3 (b) presents a typical intensity signal obtained at a fixed wavelength, i.e. on the red arrow in Fig. 3 (a), 
while a bead is flowing through the sensor. The two sub-populations differentiation statistics, based on the FWHM of the 
recorded signals (see Fig. 3 (b)), are reported in Fig. 4 and in Table 1. 

 
a) b) 

  
Figure 3. (a) Transmission spectra in water with and without a glass bead inside the cavity. The red arrow indicates the 

chosen fixed wavelength for high throughput measurements. (b) Typical intensity signal recorded at the chosen fixed 
wavelength during the passage of a glass bead in the Fabry-Perot cavity. The red double arrow represents the Full Width 

at Half Maximum (FWHM). 

FWHM 
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Figure 4. Histogram of glass beads populations differentiation based on an ANOVA analysis.  

 
 The ANOVA analysis is based on the null hypothesis that all samples are randomly picked from populations 
possessing the same mean. In our experiment, main statistics values provided by the ANOVA analysis (Table 1) are 
helpful in order to determine if the two beads populations have a statistically significant difference based on the measured 
FWHM of the fixed wavelength signals. The degree of freedom (number of populations minus one) reports the number of 
ways the variability can be tested against the null hypothesis. The F statistic is the ratio of the mean squares between the 
groups, over the mean squares within the groups. Finally, the p value is calculated using a cumulative F-distribution and 
corresponds to the percentage of shaded area under the curve for values higher than the F statistic. The reported p value, 
indicating the level of significance, is inferior to 0.01 which is a common limit to reject the null hypothesis.  Accordingly 
to these values, it is acceptable to conclude that there is a statistically significant difference between the two beads 
populations, thus confirming the sub-populations identification capability of our optofluidic device. 
 

Table 1. Main values of ANOVA analysis. 

Degree of freedom Nb. of samples F statistic P value (Sig.) 
1 1087 1871.08 <0.01 (2.19x10-238) 

 
CONCLUSION 

We presented a novel optofluidic microsystem capable of measuring, at high throughput, refractive index variations 
caused by the presence of particles in a Fabry-Perot cavity. A mixed solution of two sub-populations of glass beads 
having different diameter was analyzed with the device and yielded a statistically significant difference based on the 
duration of the recorded single particle signals. Upcoming work includes the characterization of single living cells in a 
repeated manner, which could be integrated with flow cytometers as complementary measurement tool for life sciences 
researchers. 
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LIGHT-DRIVEN MICROFLUIDICS TOWARDS SOLAR-POWERED 
POINT-OF-CARE DIAGNOSTICS

Li Jiang1, Matthew Mancuso2, David Erickson1 
1Sibley School of Mechanical and Aerospace Engineering, Cornell University, USA, 2Department of Biomedical 

Engineering, Cornell University, USA 

ABSTRACT 
Point-of-care diagnostics for resource limited settings is a much-researched application of microfluidics technology 

due to its great potential.  Unfortunately, one of the current limitations is the difficulty in creating tools that are both 
inexpensive and simple to use but also able to perform complex tasks.  Light-governed microfluidic systems are of 
interest because, in principle, sunlight could provide the power source to operate these tools, potentially allowing for 
increased functionality with minimal device complexity.  Here, we study the use of light to perform both the 
fundamental function of fluid actuation and valving and the more sophisticated process of on-chip polymerase chain 
reaction (PCR).  To facilitate light-driven flow, we use poly(N-isopropylacrylamide) (PNIPAAm), a “smart” polymer 

that changes wettability as a function of temperature.  It is grafted onto a carbon black-polydimethylsiloxane (PDMS) 
surface, which absorbs light and converts it to heat, to produce various temperature profiles.  We use this to create 
switchable hydrophobic and hydrophilic regions that respectively stop and activate flow and show that light can valve off 
flow within 4 s after illumination.  We also perform continuous-flow PCR by fabricating PDMS lenses that concentrate 
light onto a carbon black layer to produce the necessary heat pattern, and demonstrate amplification of a 43bp segment of 
genomic DNA.  These investigations show the potential for development of light-operated microfluidics to provide both 
the simple architecture and advanced functionality needed in point-of-care devices for low resource environments. 

KEYWORDS 
Optofluidics, Point-of-Care Diagnostics, Liquid Handling, Solar Energy, Polymerase Chain Reaction  

 
INTRODUCTION 

For point-of-care diagnostics to become widely adopted in the 
developing world, devices must be low-cost, easy to use, multifunctional 
and capable of processing complex samples. [1, 2]  Thus far it has been 
difficult to bridge these goals, partly due to the dichotomy between the 
approaches that researchers have taken.  On one hand, disposable and 
low-cost devices [1, 3] are excellent for performing detection assays on 
relatively simple samples such as urine. [4]  They cannot however work 
with more complex sample matrices to detect rarer targets. [5]  
Conversely, sophisticated nanotechnology/microfluidics-based systems 
have been developed that can manage complex tasks such as target 
amplification through polymerase chain reaction (PCR). [6, 7]  
Unfortunately, the addition of multiple steps in one device is mainly 
enabled through the integration of pumps, valves and electrical 
components and controllers, which increases their expense and 
operational complexity. To solve this problem, microfluidic methods must 
be developed that are simple to use yet able to perform complex functions.  
Here, we report separately the development of light-governed flow and 
light-powered PCR in microfluidic devices. 

As Figure 1 shows, our simple flow valving device passively pumps 
fluid at room temperature and actively stops its motion based on 
photo-thermal heating, thereby eliminating the need for external pumps, 
integrated valves or complex fabrication steps.  To do this, we graft 
poly(N-isopropylacrylamide) (PNIPAAm) via UV polymerization on 
PDMS microfluidic devices.  PNIPAAm is a frequently used “smart” 

polymer due to its strong response to temperature, in that it transitions 
between expanded coils and compact globules as the temperature is varied 
around its lower critical solution temperature (LCST) of 32°C. [8]  This 
is caused by the formation of H-bond networks below the LCST and the 
breakdown of those networks above the LCST, thereby making PNIPAAm 
hydrophilic at low temperatures and hydrophobic at high temperatures.  
This allows for passive pumping of flow via capillary action at room 
temperature, while above 40°C, it becomes hydrophobic and impedes 
further flow.  To show its potential applicability towards integrated 
point-of-care devices, we present a bifurcating microfluidic design in 
Figure 1a, b, where the inlet channel splits into two large chambers, with 

 
 

Figure 1. Light-driven flow valving. 
(a)Schematic and (b) image of 
bifurcating channel. When light is used to 
heat the (c) right or (d) left channel, that 
region becomes hydrophobic, preventing 
flow from entering the connected 
chamber. (e) Schematic demonstrating 
how this can be used in the field with a 
movable mask to define heated regions. 
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each chamber representing a separate step of a multistage process.  In step one, projector light is incident on the right 

(Figure 1c) or left (Figure 1d) channel, heating that region and valving off the flow, while flow continues down the 

adjacent hydrophilic path.  In step two, the light is removed at a user-defined time, allowing flow to penetrate into the 

previously closed chamber.  Our light-controlled capillary flow technique is capable of performing multiple flowing 

steps without the need for complex fabrication, external syringe pumps, integrated valves or modification of the fluid.  

Further, the broadband absorption capability of carbon black should allow for sunlight to be used as the light source 

(Figure 1e), which in essence would afford power-free actuation and valving control. 

We also demonstrate successful amplification 

of a 43bp segment of genomic DNA using 

light-powered continuous-flow PCR.  Here, 

projector light was used such that we could 

maintain control over the intensity and uniformity 

of the incident image.  In principle, this could be 

extended to work with sunlight, shown 

schematically in Figure 2.  A lens would 

concentrate solar energy to the required intensity 

to produce high enough temperatures for the 

denaturation step (95°C) (Figure 2a).  A carbon 

black layer of varying absorbance would then also 

produce the correct temperatures for annealing 

(65°C) and extension (72°C) (Figure 2b).  This 

technique would address the significant energy 

requirements of PCR, facilitating its 

implementation in low-resource settings. 

  

EXPERIMENT 

Light-Governed Capillary Flow 

The base of the device consists of first spin coating a 200 µm layer of clear PDMS onto a glass slide. Above this, a 

mixture of carbon black and PDMS in a 0.01:1 ratio was spin coated to produce a 50 µm thick film to act as the absorber 

layer.  Finally, another 50 µm thick film of clear PDMS was spun on top of this.  These steps were required because 

we found that PNIPAAm could not graft directly onto a carbon black-PDMS surface. 

The grafting method, based on the UV photopolymerization technique developed by Schneider et al. [9], is modified 

here to produce uniform PNIPAAm-grafted surfaces.  Briefly, a solution of 10 wt % benzophenone (BP) in acetone was 

first run through the channel to allow BP to absorb into the 

PDMS. Then, a degassed monomer solution of 20 wt % 

NIPAAm in DI water was loaded into the channel and exposed 

under a 100 W mercury arc lamp for 15 min.  Finally, the 

channel was washed with ethanol for 1 h and water for 2 h. 

Using the grafted channel, we demonstrate actuation and 

valving of flow with light (Figure 3).  As Figure 3a shows, 

initially light is shuttered off and flow moves into the channel.  

At 20 s, the shutter is opened and flow progression stops.  At 

50 s, light is again shuttered off and flow moves once again.  

The flow rate is measured through a series of on/off switches to 

demonstrate repeatability (Figure 3b).  Also, the switching on 

and off speeds are characterized in Figure 3c, d, which show 

that flow is valved off in less than 4 s and that it takes about 10 

s for flow to reach a steady rate when valved on.  These 

values are comparable to other PNIPAAm-based valves, which 

require more than 6 s to close and 3 s to open. [10, 11]  Unlike 

our device, these previous techniques utilized a swelling 

property of PNIAAm instead of changing the surface chemistry 

and achieved valving by building porous monoliths inside the 

channel.  The monoliths are swollen at room temperature, 

clogging the channel, and shrink when heated, opening the 

pores to allow flow to pass through.  The disadvantage of 

using swelling-based valving is that due to heating, the opened 

pores would also be hydrophobic, making it mandatory to use a 

syringe pump to drive flow.  Therefore, even though the 

opening time is slower for our technique, it does not require 

any external pumping mechanism due to the capillary pumping 

capability. 

 
Figure 3. Valving speed characterization. (a) Images 

of liquid interface in 10 s intervals, demonstrating 

the cessation of flow when light is on. (b) A series of 

on/off valving shows repeatability and quick 

response (orange bars represent when light is on). 

(c) After light is turned on, flow is valved off within 4 

s. (d) After light is turned off, it takes about 10 s for 

flow to reach a steady flow rate. 

 

Figure 2. Schematic of solar-PCR device. (a) A lens is used to 

focus sunlight to the required intensity to produce high enough 

temperatures for PCR. Temperature and flow regulation is 

controlled by a cell phone “app.” (b) Schematic of circular PCR 

device, in which the reagent repeatedly cycles through the three 

temperature zones to amplify the target. 
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Light-Powered PCR 

We demonstrate light-powered on-chip 

DNA amplification by using a PDMS lens 

system to create a specific thermal profile that 

facilitates the steps of PCR.  Figure 4a shows 

the experimental setup, in which a projector 

light is collimated through a glass lens onto the 

PDMS lens.  The PDMS lens system, shown in 

Figure 4b, is molded from a laser-cut acrylic 

glass frame.  The light through lens 1 is 

focused the most to enable the denaturation step 

(95°C), lens 2 enables elongation (75°C) and the 

flat region facilitates annealing (60°C).  The 

temperatures at various locations under the 

lenses are measured with a thermocouple and 

compared with Comsol simulations, (Figure 4c).  

Figure 4d shows this lens system combined with 

a microfluidic channel, which is designed for 

flow to pass through 20 cycles of the 

denaturation, annealing and elongation steps in a 

time ratio of 4:4:9, respectively. 

Genomic DNA extracted from Kaposi’s sarcoma herpes 

virus (KSHV) was used as the template for performing PCR in 

this chip.  As figure 5 shows, we successfully amplified a 

43bp segment of the DNA after running the sample through our 

chip twice for a total of 40 cycles.  The result is compared to 

PCR using a conventional thermocycler.  As can be seen, 

amplification using the light-powered PCR is not as significant 

as with the thermocycler.  We believe this is because the 

temperature varies across the chip and along the length of each 

lens, preventing some of the 20 cycles from operating optimally.  

This becomes quite significant due to the exponential rate of 

amplification of the PCR process, as each cycle that does not 

run correctly reduces the final DNA concentration by an order 

of magnitude.  In the future, we plan to develop a radial 

microfluidic design so that the temperature would remain 

constant along the azimuthal direction, allowing all cycles to 

run optimally under a uniform light source such as sunlight. 
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Figure 4. Light-driven PCR chip. (a) A projector image shines 

through a collimating lens onto the microfluidic PCR chip. (b) The 

PDMS lens device focuses a uniform light source to different 

intensities, creating the temperatures needed for the different steps 

of PCR. (c) Temperatures measured from the chip compares well 

with Comsol simulations. (d) The integrated PCR device, 

combining the lenses and microfluidics. 

 
 
 

Figure 5. Demonstration of light-driven PCR. A 

43bp segment of genomic DNA is run through the 

microfluidic device and a thermocycler. While we 

do see amplification using light-driven PCR, it is 

not as significant as through the thermocycler, and 

several improvements can be made. 

 1335



NANO-OPTOFLUIDIC WAVEGUIDES WITH SUPER-RESOLUTION 
LIQUID GAP COUPLING FOR BIOMOLECULAR APPLICATIONS  

L. K. Chin, Y. Yang and A. Q. Liu 
School of Electrical & Electronic Engineering, Nanyang Technological University, Singapore 639798 

ABSTRACT 
The evanescent coupling effect between two nano-optofluidic waveguides is demonstrated and studied. The 

nano-optofluidic waveguides can be easily controlled and tuned by changing the flow rates of the four flow streams 
such that a nano-gap as small as 50 nm can be easily achieved. The evanescent coupling patterns under different 
conditions are analyzed to determine the nano-gap and the refractive index contrast of the nano-optofluidic 
waveguides. Novel and tunable photonic devices can be easily designed and realized by using the nano-optofluidic 
platform for biomolecular detection and manipulation applications.  

KEYWORDS 
Nano-optofluidic waveguide, evanescent coupling, biomolecular manipulation  

INTRODUCTION 
Optofluidics can provide new solutions and opportunities for a wide range of traditional micro-optical components 

and devices by tuning, reconfiguring, and manipulating small amount of fluids (10−9 to 10−18 liters). To be specific, 
with the development of various optofluidic components ranging from microlens [1] and gratings [2] to prisms [3] and 
waveguides, the hindrance imposed by solid conventional optical components can be easily solved. Recent optofluidic 
research is focused on the study of light manipulation and the realization of novel photonic characteristics, e.g. an 
optofluidic waveguide as a transformation optics device, which leads to the first observation of chirped focusing of 
light and interference in an optofluidic waveguide underpinned by a unique bi-directional GRIN profile in a flow 
channel [4].  

Previously, we have demonstrated the coupling phenomenon between two tunable nano-optofluidic waveguides 
[5]. In this paper, we further demonstrate how the nano-gap and the refractive index contrast of the nano-optofluidic 
waveguides can be measured with super-resolution in nanometer by analyzing its resulted evanescent coupling pattern. 
The nano-optofluidic waveguides can be used for biomolecular manipulation and detection in near future. 

THEORETICAL ANALYSIS AND SIMULATION RESULTS 
Figure 1 illustrates the design of the two nano-optofluidic waveguides system, which consists of four flow streams. 

Each optofluidic waveguide is realized by using two flow streams via Dean’s flow in a curved microchannel. With the 
sufficient flow rates (or Péclet number), the inner liquid (red) can be encapsulated by the outer liquid (black). As the 
two curved microchannels are joined into a straight microchannel downstream, two parallel circular red flow streams 
with a gap in between are realized. When the refractive index of the red liquid is higher than that of the black liquid, a 
pair of 3D optical waveguides is formed, such that the gap can be varied by tuning the flow rates of the four flow 
streams. When the gap is sufficiently small (< 1 µm), the light injected in one optofluidic waveguide by the input fiber 
can be coupled into the other optofluidic waveguide.  

Figure 1: Schematics of the two nano-optofluidic waveguides system tuning by the fluidic flow rates via Dean’s 
flow. 
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Figure 2 shows the coupling patterns under different conditions. When the gap between the two optofluidic 
waveguide is decreased from 1-µm to 200 nm, the coupling length is reduced from 9.5 mm to 5.5 mm as shown in Fig. 
2(a) and (b). For symmetrical optofluidic waveguide, the coupling pattern is identical between the two optofluidic 
waveguides. On the contrary, for asymmetrical waveguide, i.e. the core liquids of the two optofluidic waveguides have 
different contrast (0.001 & 0.002), the coupling pattern is significantly different as shown in Fig. 2(c). For optofluidic 
waveguide, a triangular cross-sectional fluidic profile is achieved. The coupling pattern of such profile is shown in Fig. 
2(d), which is significantly different from the circular one. 

 
EXPERIMENT RESULTS AND DISCUSSIONS 

Figure 3 is the confocal images, which show the tuning of the optofluidic waveguides by varying the flow rate of 
each flow streams. Fig. 3(a) shows the formation of the two optofluidic waveguides after the liquid profile of the flow 
streams are reshaped by Dean’s flow. When the core flow streams and the cladding flow streams have a same flow rate 
of 70 µL/min (1 : 1), a measured 200-µm gap is achieved as shown in Fig. 3(b). The cross-sectional image shows that 
the waveguide has a triangular shape. When the flow rates of the core and cladding flow streams are changed to 53 and 
107 µL/min (1 : 2), respectively, the gap is reduced to 800 nm as shown in Fig. 3(c). The cross-sectional area of the 
waveguide is reduced at the same time. Subsequently, when the flow rates of two flow streams are changed to 45 and 
135 µL/min (1 : 3), the gap is further reduced to approximately 200 nm as shown in Fig. 3(d).  

Figure 4(a-c) shows the coupling patterns of the three flow conditions as illustrated in Fig. 3(b-d). The coupling 
length is increased when the gap between the optofluidic waveguides is increased, as predicted in the simulation 
results. Fig. 4(d) shows the comparison between the simulation and experimental results when the flow rate condition 
of the core and cladding flow streams are fixed at 53 and 107 µL/min, respectively. Both results agree well with each 

Figure 3: (a) Confocal image which shows the formation of the 3D nano-optofluidic waveguides. The tuning of the 
nano-gap between the two optofluidic waveguides at different flow rate conditions (Qcore : Qclad) (b) 70 : 70, (c) 53 : 
107 and (d) 45 : 135. Unit is µL/min. The measured gaps are (b) 200 nm, (c) 800 nm and (d) 1.4 µm, respectively.   

(a) 

(b) (c) (d) 

Figure 2: Coupling patterns of the two nano-optofluidic waveguides under different conditions: (a) coupling gap of 1 
µm, (b) coupling gap of 200 nm, (c) asymmetrical waveguides with the core refractive index contrast of ∆n = 0.001 
and ∆n = 0.002, respectively, and (d) symmetrical waveguides with non-circular cross-sectional profile (a triangular 
shape profile).     

(a) 

(b) 

(c) 

(d) 
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other.    
 

CONCLUSIONS 
In conclusion, a 3D optofluidic nano-waveguide coupling system is designed, demonstrated and studied. The 

nano-optofluidic waveguide is realized by using Dean’s flow and can be easily controlled and tuned by changing the 
flow rates of the four flow streams. The evanescent coupling patterns under different conditions are theoretically 
simulated and experimentally analyzed to determine the nano-gap and the refractive index contrast of the 
nano-optofluidic waveguides. With in-depth understanding on the photonic coupling in the nano-waveguide system, 
novel and tunable photonic devices can be easily designed and realized for biomolecular detection and manipulation 
applications. 
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Figure 4: Fluorescent image which shows the coupling patterns of the 3D nano-optofluidic waveguides when the 
flow rate condition (Qcore : Qclad) is (a) 70 : 70, (b) 53 : 107 and (c) 45 : 135. (d) Comparison between the stimulation 
and experimental results under the flow rate condition of 53: 107. Unit is µL/min. 
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MONOLITHIC WAVEGUIDE ARRAY PLATFORM FOR PHOTONIC 
CHARACTERISATION OF BIOLOGICAL SAMPLE 

Angie Ma, Guy Matmon, David Holmes, Gabriel Aeppli
London Centre for Nanotechnology, University College London, UK

ABSTRACT
We report an innovative lab-on-a-chip (LOC) system in which waveguide arrays, fibre-to-waveguide couplers and 

microfluidic channels are integrated to form a complete microchip for photonic characterisation of micron-sized samples. 
Sample properties are deduced from near-field diffraction pattern resulted from scattering in the microfluidic channel 
which is collected by the high density waveguide arrays. 

KEYWORDS
Lab on a chip, waveguides, optofluidic, photonics, near-field diffraction, flow cytometry. 

INTRODUCTION
Performing flow cytometry in a LOC setting is highly desirable and much effort has been put into developing semi- 

and fully optically integrated LOC systems. [1] Degrees of integration vary, from individual fibres coupled to a 
microfluidic channel [2] to waveguides fabricated onto substrates including PDMS[3], SU8[4] and photo-patternable 
acrylate-based polymers. [5] Spatial resolution is determined by a combination of factors, such as coupling- and 
propagation loss, waveguide density,  wavelength and beam spot size.  Polymer based waveguides typically have a core 
dimension between 40–135!m and with a propagation loss of the order of 1dB/cm. [5,6] Silica on silicon (SOS) 
waveguides on the other hand can achieve propagation loss as low as 0.01dB/cm [7] and a dimension of 4-8!m. [8] 

Using diffraction imaging to obtain 3D morphology of cells as part of a flow cytometry routine allows high 
throughput and label-free interrogation of single cells. [9] To conduct such operation in LOC systems, high spatial 
resolution is necessary to capture the details of diffraction pattern resulting from scattering.  

In addition, because of the length scale of microfluidics,  optical phenomena could be considered far- or near field 
depending on the wavelength, feature dimensions and location of the particles. Measuring in the near field regime allows 
us to access information which is unavailable in the far field[11]. Kostner et al.  [10] has demonstrated how 
morphological information can be deduced with forward scattering (FS) signal.

In this work, a LOC system is developed to utilise the dimension and attenuation advantage of SOS waveguides 
which in turn allows diffraction patterns of samples to be measured.

EXPERIMENTAL
The device, shown in Figure 1, was fabricated using SOS planar waveguide technology which allows a high 

waveguide count and density. It consists of 32 interchangeable inputs and outputs, fibre pigtailed to allow easy user 
interface. The SOS waveguides were designed to operate in single-mode at 1550nm and were fabricated by doping silica 
with Germanium, Boron and Phosphorus to achieve a refractive index of 1.4561 and 1.4452 for waveguide core and 
cladding respectively. Each waveguide has a cross section of 8x8!m. At the interrogation region where the waveguides 
and the microfluidic channel intersect, it has a centre to centre spacing of 14!m between individual waveguides and a 
250!m spacing at the fibre pigtail interface. The propagation loss of the waveguides varies depending on which input and 
output is tested. Overall, it is of the order of 0.8dB/cm which includes propagation loss and loss due to the 50!m gap 
microfluidic channel. The crosstalk between adjacent waveguides is less than 0.1%. The microfluidic channel is 
fabricated using standard wet etch technique and has a width of 50!m. Altogether two masks were used in a three step 
photolithography process.

    
                      

We used one waveguide as an optical input into the device which was connected to a diode laser with a maximum 
power of 28mW. The optical power out of the remaining waveguides were measured whilst a sample was placed at a 
specific position by mounting it on translation stages travelling along y and z axis with an increment of 0.5!m as 
illustrated in Figure 2.  This enables both forward scattered (FS) and backward scattered (BS) to be measured. A 

Figure 1: Top view and design of device  
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Figure 2: Schematic of experimental setup  
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differential optical measurement was obtained by acquiring reference reading from the laser output and signal reading 
from waveguides simultaneously. The samples were fabricated using Focused Ion Beam (FIB) technique to obtain a well 
defined size of ~3µm and shape.

To study human erythrocytes, we generated a fluidic flow into the device by either infusion or withdrawal through the 
inlet and outlet. The scattering due to erythrocytes was measured in a similar fashion as described above.

 
RESULTS AND DISCUSSION

Figure 3 shows the intensity due to FS of a sample and read out from waveguides on the output side, at 0° and a 
second adjacent waveguide on the opposite side. Sample position is the sample displacement relative to the centre of the 
input beam. At position 0, the sample sits right in front of the input beam. At 0°,  the impulse response of the system can 
be estimated by deconvoluting the sample function, in this case a rectangular function,  from the signal. Figure 4 shows 
the comparison between the experimental data and the model of sample size 2.3µm, 3.3µm and 3.7µm. The discrepancy 
at the tail might be due to the sharp edges. Hence the diffraction is more pronounced. This is a limitation of the approach. 
However, for biological samples for instance cells, the round edge means such features will be less prominent. 

                      

Figure 5 is the intensity due to BS of a sample and readout from waveguide located on the same side as the input 
waveguide, second adjacent to the input beam. Each data point is a measurement of the diffraction as a result of back 
scattering, either a constructive or destructive interference. This is highly sensitive to any displacement where a 0.5µm 
displacement can lead to a 5% change in intensity. We are still in the process of having better control in BS measurement 
as the signal-to-noise ratio is low and working on interpreting the BS data. By combining individual intensity plots, a 
pixel plot shown in Figure 6, can be established where a horizontal line scan depicts the diffraction pattern of the sample 
at a particular position. The dark blue line represents a faulty waveguide. 

Lastly Figure 7 shows the intensity of FS when erythrocytes travel along the microfluidic channel. Each minima is 
due to a cell crossing the input beam. It demonstrates that the device can easily perform cell counting. When the minima 
are studied carefully, they all have a consistent form illustrated in Figure 8(Bottom). Figure 8(Top) shows a finite element 
method (FEM) simulation of a dielectric sphere travelling along waveguide structures in the +y direction indicated in 
Figure 2. The simulation is able to model the scattered electric field which gives a good fit to the experimental data.      
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Figure 3: Intensity plot of forward scattering. 
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Figure 4: Comparison of experimental and 
theoretical results at 0°scattering output. 
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CONCLUSION
In summary, high density waveguide arrays and microfluidic channels have been fabricated. We have demonstrated 

that simple morphological properties can be deduced from the optical signal. We have shown that near field diffraction 
pattern can be captured with the waveguide arrays. 

To our knowledge, this is the first time the diffraction pattern within the size regime of microfluidic systems has been 
measured using integrated optics. Applications to this technique are broad, including carrying out on-chip photonic 
characterisation of single cells and label free classification of cells. The understanding of diffraction patterns of different 
biological targets could eventually lead to more sophisticated monolithic miniaturised visualisation capability which 
would have applications in label free single cell detection. 
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Figure 7: Forward scattering of erythrocytes.
Figure 8: (Top) FEM simulation of a dielectric 
sphere travels along waveguides structures. 
(Bottom) Experimental and FEM comparison.
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ELECTROCHEMILUMINESCENCE CHIP FOR METHYL-CYTOSINE 
DETERMINATION IN DNA  

Ryoji Kurita and Osamu Niwa 
National Institute of Advanced Industrial Science and Technology (AIST), Japan 

 
ABSTRACT 
    This paper reports the first array type chip for DNA methylation assay by electrochemiluminescence (ECL) 
detection. This was achieved using a small volume (141-nL) sample between two thin film electrodes that enabled us 
to observe an ECL emission derived from an anti methyl-cytosine antibody with a high signal-to-noise ratio. We 
performed a single methyl-cytosine measurement in DNA without the conventional bisulfite reaction, PCR 
amplification or sequencing. 
 
KEYWORDS 
Cytosine methylation, Epigenetics, DNA, Electrogenerated Chemiluminescence 

 
INTRODUCTION 

DNA methylation is a well-known epigenetic modification mechanism that regulates gene expression and plays 
crucial roles. Cytosine methylation in CpG islands has received particular attention because it is thought to be 
involved in controlling genetic expression, including that cancer , genomic imprinting , cellular differentiation and 
Alzheimer’s disease.  Methyl-cytosine is now recognized as the fifth DNA base containing heritable information. 
Therefore, highly sensitive, accurate and quantitative information concerning cytosine methylation in DNA would be 
valuable with respect to future genetic disease diagnosis. 

Two major analytical methods have been reported for cytosine methylation. These methods are hydrolysis and 
sequencing with a bisulfite salt, and a cleavage assay with methyl-cytosine sensitive (or insensitive) restriction 
enzymes. A bisulfite based determination method is most often used to distinguish either cytosine or methyl-cytosine 
in a DNA sequence. Treatment with bisulfite converts cytosine to uracil, while methyl-cytosine remains unaffected. 
Therefore, information about the methyl-cytosine in DNA can be obtained by combining the bisulfite treatment and a 
polymerase chain reaction (PCR). A restriction enzyme, which selectively catalyzes a scission of the specific 
sequence containing methyl-cytosine, can also be used to determine the methylation status in DNA. However, a 
DNA sample is damaged by the strand scission that occurs during the enzyme reaction, and also by the bisulfite 
treatment. A non-cleavage assay is more suitable because nonspecific cleavage by the bisulfite and the restriction 
enzyme is inevitable at present, and this degrades the quantitative performance. Recently, a non-cleavage assay has 
been reported that was realized by labeling methyl-cytosine with a fluorescent dye via an osmium complex. 
Unfortunately, thymine is also labeled by the fluorescent dye via osmium tetroxide in addition to methyl-cytosine. 
This is because the C5-C6 double bond of thymine in DNA is also oxidized by osmium tetroxide. Therefore, the 
methyl-cytosine assay becomes complicated because we have to combine fluorescence resonance energy transfer 
(FRET) technology and a fluorescence labeled oligomer to distinguish methyl-cytosine from thymine. Some 
researchers have reported a non-cleavage assay with an anti-methyl cytosine antibody labeled with fluorescent dye. 
However, to obtain high sensitivity, they employed a huge and expensive excitation light source such as a Nd-YAG 
or He-Ne laser, and combined this with a separation technique such as capillary electrophoresis. 

Electrogenerated chemiluminescence (ECL) has attracted great interest over the past two decades in relation to 
converting electrical energy into radiative energy essentially due to its high potential for a wide range of applications 
including biological analysis. Several researchers have focused on DNA determination by ECL, and some methods 
using Ru(bpy)3

2+ and tripropylamine system have been developed The background level of the ECL based assay is 
known to be extremely low since no excitation light is used. Therefore, the ECL based DNA assay is considered to 
achieve a low detection limit more easily and inexpensively than fluorescence detection. For example, DNA 
hybridization was measured with a luminophore labeled probe DNA. Electrostatic bindings between ruthenium 
complexes and DNA have been measured as an ECL emission. However, there has been no report regarding the 
determination of methyl-cytosine in DNA by ECL. This is because selective ECL emission derived solely from 
methyl-cytosine is impossible using conventional electrostatic binding or hybridization techniques. In this paper, we 
report the first array type chip for DNA methylation assay by ECL. 

 
EXPERIMENT 

Figure 1 shows a photograph and a representation of an ECL chip for DNA methylation measurement. The chip 
consists of two film electrodes (gold and indium tin oxide (ITO)), separated with an 80-μm spacer. First, a DNA was 
immobilized on the gold surface (Fig. 2-2), and then an anti methyl-cytosine antibody labeled with 
tris(2,2-bipyridyl)ruthenium complex was used to recognize cytosine methylation (Fig. 2-3). Finally, ECL was 
observed with a CCD camera by applying a voltage between the two electrodes for 10 sec after filling the array with 
tripropylamine (TPA) and covering it with the ITO electrode (Fig. 2-4). 
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RESULTS and Discussion 
Figure 3 shows the variation in the ECL image when the voltage is varied. The brightest ECL was observed at 

2400 mV, which indicates that the reaction of the TPA radical with oxidized tris(2,2-bipyridyl)ruthenium was 
optimum at this voltage. Figure 4 shows ECL images for methyl-cytosine containing DNA. The DNA sequence is 
5'-CTTTTTCTTTTTGTCCTTTTTAGGCTCTGT-3' (the underlined cytosine is methylated), which is part of the 
MGMT promoter. The ECL intensity clearly increased as the antibody concentration increased. Figure 5 compares 
ECL images for methylated and non-methylated DNA. The brighter ECL image was clearly obtained with the 
single-cytosine methylated DNA. 

 
This highly sensitive single methylation measurement is realized due to the 100-% oxidation of the ruthenium 

complexes and the subsequent chemical reaction with TPA radicals in a short CCD exposure time (10 sec). This is 
because the micro-well depth (distance between two electrodes) is only 80 μm, which is much shorter than the 
diffusion distance in 10 sec (around 140 μm). Very recently, we reported an ECL-based DNA methylation assay [2]. 
Since the immunoreactions were performed on a conventional microtiter plate, the resulting immunoassay fluids 
were injected repeatedly into a separate electrochemical cell to observe the ECL. In this study, all the 

  

Figure 1 Photograph (left) and representation (right) of ECL chip for DNA methylation analysis. 

1 2 3

4

 
Figure 2 DNA methylation procedure. 1) Preparation of gold film electrode with a spacer. 2) DNA 
immobilization on gold surface. 3) Immunoreaction with anti methyl-cytosine antibody labeled with 
tris(2,2-bipyridyl)ruthenium. 4) Cover with transparent ITO electrode for ECL observation. 
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immunoreactions and detection were performed on an arrayed micro-well with a gold electrode for electrogeneration, 
therefore arrayed ECL emissions can be immediately and simultaneously obtained with a small volume. 
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Figure 3 ECL images when varying applied potential. 

 
Figure 4. ECL images of methyl-cytosine 
containing DNA detected with a 100 or 10 μg/mL 
anti methyl-cytosine antibody solution. 

 

Figure 5. ECL images of DNA containing 
single methylated cytosine and no methylated 
cytosine. 
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ABSTRACT 
    We have previously developed a local redox cycling-based electrochemical (LRC-EC) chip device to achieve 
high-throughput electrochemical detection for cell analysis. In the device, two arrays of band microelectrodes are 
arranged orthogonally to fabricate an n×n array of crossing points with only n+n external bonding pads. The 
electrochemical signal at the individual crossing point can be obtained by inducing local redox cycling at the desired 
crossing points. By using the system, 256 electrochemical sensors can be incorporated into a single chip in high 
density. In this study, we applied the LRC-EC system to evaluate three-dimensional (3D) culture cells. 
 
KEYWORDS 
Electrochemical detection, Cell analysis, Microelectrode array, Embryoid body, Cell differentiation 
 
INTRODUCTION 

We have previously developed a novel electrochemical system based on redox cycling for high-throughput 
electrochemical detection, and designated the system as a local redox cycling-based electrochemical (LRC-EC) 
system [1-4]. In the LRC-EC chip device, n row electrodes and n column electrodes are arranged orthogonally and 
these electrodes are connected to comb-type interdigitated array (IDA) electrodes or ring-ring electrodes to form n×n 
crossing points with only n+n bonding pads for external connection. By applying proper potential to these electrodes, 
local redox cycling can be induced at the desired electrodes, and the comb-type IDA electrodes [1, 3, 4] or the 
ring-ring electrodes [2] can be used as individual electrochemical sensors. Therefore, many electrochemical sensors 
can be incorporated into a single chip by using the system. In this study, we applied the LRC-EC chip device to 
perform cell analysis, such as screening of three-dimensional (3D) culture cells. 

Since 3D cell culture is a similar microenvironment to natural tissues, several kinds of cells are 
three-dimensionally cultured to prepare in vivo-like tissue organs. For example, embryonic stem (ES) cells, which 
can differentiate into any body tissues, can develop into cardiomyocytes by forming 3D tissue organs, such as 
embryoid bodies (EBs). The degree of their differentiation can be evaluated through their activity of alkaline 
phosphatase (ALP) on the EBs. In this study, the EB activity was evaluated via their ALP activity using the LRC-EC 
chip device. 
 
EXPERIMENT 

The general architecture is shown in Figure 1. The device consisted of 256 sensors in a small area. The EBs were 
trapped into the microwells and the electrochemical detection was then performed. p-Aminopheny phosphate (PAPP) 
was used as a substrate for detecting ALP activity (Figure 2). PAPP was catalytically hydrolyzed by ALP on the EBs 
to yield p-aminophenol (PAP). The PAP was oxidized at the generator electrode (+0.30 V vs. Ag/AgCl). The 
oxidation product, p-quinone imine (PQI), was then reduced back to PAP at the collector electrode (-0.30 V vs. 
Ag/AgCl). The scheme for the scanning process is shown in Figure 3 and our previous paper [1-4]. EBs were 
prepared by using a hanging drop method [3]. 

The device fabrication process is described in Figure 4 and our previous paper [1, 3, 4]. Figure 5 showed that the 
LRC-EC chip device consisted of 256 band-type IDA electrodes (10 fingers, 5 m wide, 5 m gap) or 256 ring-type 
IDA electrodes (18 fingers, 5 m wide, 5 m gap). At the IDA electrodes, deep microwells (50 m depth) were 
placed for trapping 3D culture cells. In the LRC-EC chip device with band-type IDA electrodes, the distance of the 
center-to-center of the electrochemical sensors was 200 m. The density of the electrochemical sensors was the 
highest in the field of electrochemistry for multi-detection. 

The band-type IDA electrodes were used for evaluating small EBs (diameter: less 150 m). The ring-type IDA 
electrodes were used for evaluating large EBs (over 300 m). The LRC-EC chip device had 256 sensors and there 
was an open space on the sensors to introduce and collect EBs easily. 

Figure 6 showed that an electrochemical image consisting of 256 pixels was obtained and the small EBs were 
evaluated successfully through their ALP activity. The electrochemical signals depended on the culture period. Since 
the size of the EBs increased after culturing the EBs and the interpretation on differentiation degree of the ES cells is 
complicated, the EBs may be differentiated during the culture. 

Figure 7 showed the scheme for preparing large EBs to check their ALP activities and differentiation with 
microscope observation. We prepared long-term and short-term cultured EBs that were same size, and detected ALP 
activity by using the LRC-EC chip device containing ring-type IDA electrodes. The ALP activity of the short-term 
cultured EBs was higher than that of the long-term cultured EBs, indicating that the long-term cultured EBs 
differentiated. After ALP detection, the EBs were collected and reseeded onto gelatin-coated dishes to culture the 
EBs for further 3 days. The long-term cultured EBs beat spontaneously while the short-term cultured EBs did not 
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beat, which also indicated that the long-term cultured EBs differentiated. 
In conclusion, the LRC-EC chip device was applied for evaluating EBs. Since electrochemical signals from each 

of the 256 sensors can be acquired, we believe that the device can provide high-throughput electrochemical assays 
on EBs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Detection scheme using LRC-EC device. (A) The chip device comprised 16 row and 16 column electrodes 
to form band or ring-type IDA electrodes at the individual crossing points. A potentiostat was connected to these 
electrodes through a multiplexer and a PC. Potential at these electrodes and data acquisition were controlled with a 
LabVIEW program. Local redox cycling was induced only at the desired the IDA electrodes by applying proper 
potential at electrodes. (B) The EBs were randomly introduced into the device and collected after the 
electrochemical detection to reseed the EBs [3]. 
 
 

 
Figure 2. Electrochemical detection based on redox 
cycling for ALP activity on EBs [3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Scheme of the scanning procedure. VR: Voltage for reducing QI. VO: Voltage for oxidizing PAP. The 
detailed scanning process is described in our previous paper [1, 3, 4]. 
 
 
 
 
 
 
 
 
 
 
Figure 4. Device fabrication [1, 3]. Pt electrodes for IDAs and row and column electrodes were fabricated with a 
conventional lithography method. SU-8 layers were then covered on the row electrodes. The column electrodes were 
fabricated on the SU-8 layers to complete the electrodes. Finally, SU-8 microwells (depth: 50 m) were fabricated. 
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Figure 5. Device images. The device had 256 sensor points with only 32 connector pads. The band or ring-type IDA 

electrodes were incorporated into the sensor areas [3]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Electrochemical imaging of EBs (diameter: less 150 m). (A) Optical image. (B) Electrochemical image 

consisting of 256 pixels. (C) The electrochemical signals were plotted into a graph. (D, E) Optical images of EBs 

[3]. 

 

 

 

 

Figure 7. Scheme for preparing large 

EBs, ALP detection and check of 

differentiation level. 

 

 

 

 

 

 

 

Figure 8. EB evaluation. (A) Size of 

long-term and short-term cultured EBs. (B) 

ALP activity on long-term and short-term 

cultured EBs. After the EB evaluation, the 

EBs were observed to check whether EBs 

beat spontaneously. 
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MULTICHANNEL IMPEDIMETRIC BIOSENSOR PLATFORM FOR 
LABEL-FREE AFFINITY ASSAYS USING ELECTRICALLY 

CONDUCTIVE FUNCTIONAL POLYMERS
Leonardo Pires*, Andreas Heckel, Kai Sachsenheimer, and Bastian E. Rapp

Institute of Microstructure Technology (IMT), Karlsruhe Institute of Technology (KIT), Germany

ABSTRACT
In this work we report on a multichannel label-free impedimetric sensor platform that is suitable for 

high-throughput analysis of affinity binding. The sensor is based on electrochemical impedance spectroscopy (EIS) 
and a surface modification of gold electrodes using a carboxy functionalized conductive polymer (polypyrrole).
Concentrations of Biotinylated Bovine Serum Albumin (bBSA) down to 1 ng/ml were achieved using this setup.

KEYWORDS
Impedimetric biosensor, Conductive polymer, Polypyrrole, Electrochemical impedance spectroscopy, 

Microfluidics

INTRODUCTION
There are a number of techniques available for label-free affinity assays, the most commonly used methods 

include gravimetric systems such as quartz crystal microbalances or surface acoustic waves, surface plasmon 
resonance as well as electrochemical techniques. Recently EIS has been more intensively studied as an alternative 
method [1, 2]. EIS monitors the impedance (resistance and reactance) of a surface by applying an AC signal with 
variable frequency and small-amplitude to an electrode system while measuring the resulting current (Figure 1a). 
The real and imaginary parts (i.e., resistance and reactance) of the impedance are plotted as a function of frequency 
in a Nyquist diagram (Figure 1b). The changes in the current provide means to assess the electrical properties of the 
layers on top of the electrodes. These changes can clearly be seen in the Nyquist diagram as a curve shift in both 
axis.

Figure 1 a) Setup of EIS in a biosensor– a pair of electrodes is used to measure the increasing inhibition of the 
charge transfer through a surface interface by the specific binding of an analyte (such as a protein) to its surface. b) 
The change of impedance in the complex plane can be correlated to the presence of the analyte in the liquid sample 

above the electrodes. c) Measurement electronics and the flow cell with housing.

EXPERIMENTAL
We have designed a custom made EIS-based measurement cell consisting of a polymer microfluidic flow cell 

with 8 independent channels (each measuring 4 × 1 × 0.1 mm), polymer housing, planar gold electrodes and custom 
made electronics (Figure 1c).

In order to create an EIS-based biosensor it is necessary to add a biosensing layer which ensures the exclusive 
binding of the target to the surface, hence only specific signal changes are measured. In our work we used a carboxy 
functionalized conductive polymer: polypyrrole (PPy) with pyrrole-3-carboxylic acid (Pa). By means of the carboxy 
functional groups of the layer we immobilized streptavidin which specifically binds to biotinylated analytes such as 
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biotinylated bovine serum albumine (bBSA). The latter has been used as an exemplary target (Figure 2).

Figure 2 - Schematic representation of the assay procedure. Firstly pyrrole and Pa monomers (in 3:1 volume 
ratio) are electropolymerized onto the gold electrodes (800 mV during 40 s at 40 mV/s). In the following step 

streptavidin was immobilized by means of active ester chemistry. Finally, biotinylated BSA in different 
concentrations was used as exemplary analyte.

The conductive polymer layer has two important functions in this system; it serves as a shielding layer against 
unspecific adsorption whilst providing functional groups to which biomolecules (e.g. antibodies) can bind. 
Compared to strongly insulating surface modifications (such as those based on thiol-gold chemistry, [3]) electrically 
conductive polymers have a minimal effect on the sensor impedance (Figure 3).

 
Figure 3 - Unspecific adsorption test using biotinylated BSA. a) On a bare electrode surface, the impedance 
increases greatly each time BSA is probed across the electrode. b) Compared to the conductive polymer the 

immobilization of an electrode with a self-assembled monolayer (4-mercapto benzoic acid) increases greatly thus 
reducing the overall sensor sensitivity. c) After polymerization of PPy/Pa on the electrode surface, the impedance 

shows no significant change upon BSA probing demonstrating that the PPy/Pa coating is suitable as shielding layer.
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RESULTS AND DISCUSSION 
Gold was structured by means of a lithography based etching process. PPy/Pa (molar ratio 3 to 1) was then 

electropolymerized on the electrode surface whereupon streptavidin was coupled to the carboxy functional groups by 
active ester chemistry followed by coupling of ethanolamine in order to block remaining unbound carboxy groups. 
Afterwards BSA in 1 mg/ml concentration was used to probe the extent of non-specific protein adsorption.  

 shows that an electrode without PPy/Pa will suffer from strong adsorption effects resulting in increasing 
impedance after each BSA sampling whereas the PPy/Pa covered electrodes show no significant change upon 
probing. In a final step, various concentrations of bBSA (which binds specifically to streptavidin) were probed 
across the sensor as an exemplary analyte. Concentrations down to 1 ng/ml were successfully measured with this 
setup (Figure 4). 

 
 
 

 
Figure 4 - Exemplary measurement, the bare electrode is coated with Ppy/Pa followed by streptavidin 

immobilization, ethanolamine blocking and BSA probing. Concentrations of bBSA down to 1 ng/ml were detected. 

 
CONCLUSION AND OUTLOOK 

Our system is a cheap, fast and flexible platform for affinity assays on multiple channels with a current limit of 
detection of 1 ng/ml of bBSA (measured as an exemplary affinity system). We will demonstrate that the electrically 
conductive PPy/Pa coating can be used as a generic low impedance biochemically functional interface layer for 
detection of various targets whilst shielding the surface against nonspecific binding.  
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STUDY ON ON-CHIP MASS SPECTROMETRY  
IN A LOW VACUUM OPERATION 

Kiyotaka Sugiyama1, Hiroki Harako1, Yoshiaki Ukita, and Yuzuru Takamura1

1Japan Advanced Institute of Science and Technology (JAIST), Japan 
 
ABSTRACT 
    Aiming to realize low vacuum mass spectrometry on a chip, this paper reports a travelling feature of high 
molecular ions in a low vacuum, chip ion detector, and on-chip vacuum generation method. Pressure dependence on 
the ion current of high molecular samples was measured by the fabricated chip ion detector. On-chip vacuum 
generator integrated with a diaphragm pressure sensor demonstrates a reduction of the pressure in micro chamber to 
8.5kPa by using gas-liquid phase transition of pure water. 
 
KEYWORDS 
Mass spectrometry, Chip ion detector, On-chip vacuum generation. 
 
INTRODUCTION 
    Mass spectrometry is one of the most promising techniques for many biological analytical matters due to its 
outstanding sensitivity and resolution. Miniaturized mass spectrometer are very attractive because not only of their 
portability but also of their potential to develop state-of-art analytical concept. There are a few reports on the 
miniaturizations of mass spectrometry components [1-6]. These works studied about the miniaturizations of mass 
filter [1], ion sources [2, 3], faraday cup ion detector [4], and integration of each component [5]. However on-chip 
mass spectrometry integrated with a vacuum pump has not been realized despite its advantage of possibility to use it 
in a low vacuum [6]. Miniaturization of the vacuum pump is easily realized because high vacuum is not required 
thanks to shortening the flight distance of target ions in micro channel. This kind of miniaturized mass spectrometer 
has a potential to be used for point-of-care testing devices. Another issue to be solved is miniaturization of the high 
sensitive ion detector that can be integrated on a chip. In this paper, we studied the travelling features of high 
molecular ions in a low vacuum. To realize the integration of whole components of mass Spectrometer in to a chip, 
chip ion detector and on-chip vacuum pump were fabricated and demonstrated. 
 
EXPERIMENTAL 
    Figure 1 shows the schematic of the experimental setup to investigate the travelling feature of high molecular 
ions in low vacuum. The experimental setup was composed of a tungsten filament for an electron impact ionizer, an 
ionization chamber, and a channeltron electron multiplier (Detector Technology Inc., Model 414, U.S.A.). In order to 
evaluate the feature of free flight of high molecular ions, detected peaks of poly ethylene glycol (PEG, Mw=200) ions 
were counted as a function of pressure. PEG was introduced on Si substrate in the vacuum chamber and heated up to 
80 OC by a heater to evaporate.  
    We also developed the chip ion detector and tested it by using same ionizer. The conceptual diagram of the 
detector is shown in Fig. 2. Amplification of the ion signal by secondary electron emission was adapted to obtain 
high sensitive signal. Plain detection electrode for electron capturing and thermally grown SiO2 thin layer (20 nm 
thickness) on Si substrate (20×20×0.5mm) faced each other with the gap of 1 mm by silicone rubber insulators. 
Accelerated positive ions by negatively biased mesh electrodes collide with the SiO2 layer through a drilled hole. 
After that, generated electrons were captured by the electrode in positive electric field. The current was directly 
measured with a picoammeter (Keithley Instruments Inc., Model 6514, U.S.A.). Fabricated ion detector was placed 
instead of the channeltron electron multiplier with the gap of 30 mm between the ion source and the chip. 

 

 
 
 
 
 
 
 
 

Figure 2: Schematic of fabricated chip ion detector.  

 

 
 
 
 
 
 
 
 

Figure 1: Schematic of experimental setup. 
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    For generation of the vacuum on a chip, the vacuum-tight chip with a micro chamber [7] was fabricated by 
etching and bonding of quartz substrates. The vacuum by the gas-liquid phase transition was generated in this chip. 
Figure 3 shows the procedure of the vacuum operation. Evacuation of gases from the chamber is carried out by two 
steps when existing gases in the chamber were replaced by the injected liquid and the liquid was vapored by 
temperature controlling. First, initially occupying air in the chamber was pushed out by introducing liquid sample. 
Then, most of the liquid was also evacuated by evaporation due to heating of the chamber. After that, the vapor of 
the liquid was removed from the working space in the chamber by adsorption and freezing onto the wall of the 
chamber by cooling. The pressure in the chamber was obtained to measure the diaphragm deflection by a laser 
displacement meter. 
 
 
RESULTS AND DISCUSSION 

Figure 4 shows the pressure dependence on detected peak frequency of high molecular ions. Ionized PEG by the 
electron impact ionizer was detected by the channeltron electron multiplier in the vacuum chamber. As shown in the 
waveforms in the inset of the figure, high intensity peaks were observed under 10-3 Pa. Detected peaks decreased 
with increasing the pressure. It means that free flight of PEG ions in 90 mm gap between the ion source and the 
detector was disrupted by residual gas molecules under lower vacuum than 2×10-2 Pa. As a result, it is expected that 
micro mass spectrometry with 100 m channel is realized about 10 Pa, estimated by the theoretical relation of mean 
free path which follows inversely proportional to the pressure.  

We also detected the current of the ions by using the chip ion detector and same ion source above the experiment. 
Figure 5 shows the pressure dependence on the detected current. The ion current was detected by fabricated chip 
detector. The detected ion current increased with increasing the pressure.  

 

 
 
 
 
 
 
 
 

 

Figure 4: The pressure dependence on the detected peak frequency of PEG ions. Upper inset: obtained typical 
waveforms of the ion current converted to voltage by an amplifier at (a) 5.0×10-3Pa and (b) 2.0×10-2Pa. 

 

 

 
 
 
 
 

 

Figure 3: Procedure of the vacuum operation with the fabricated micro vacuum pump. Evacuation in the 
chamber is operated following process; (a) exchanging of initially occupying air by introducing the liquid 
sample, (b) vaporization of the liquid (c) adsorption and freezing onto the wall of the chamber by cooling. 
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In order to make the low vacuum on a chip, phase transition by temperature alteration is effective because the 
highest performance of this vacuum pump attains to vapor pressure of introduced liquid. On the basis of the principle, 
on-chip vacuum generation was conducted. The pressure was monitored by the diaphragm pressure measurement 
with a laser displacement meter. The pressure reduced linearly as following the ideal gas law without phase 
transition. In the case of either diethyl ether or water, the pressure drastically reduced from boiling temperature. The 
lowest pressure was attained 8.5 kPa with phase transition of water. 

 
CONCLUSIONS 

Travelling feature of high molecular ions in low vacuum, fabrication of chip ion detector, and on chip vacuum 
generation were studied for aiming to realize mass spectrometry on a chip. Cleary peaks of free flight PEG ions in 90 
mm gap between the ion source and the detector were detected at higher vacuum than 10-2 Pa. Detection of positive 
ion was demonstrated by the fabricated ion detector. Micro vacuum pump integrated with a diaphragm pressure 
sensor was fabricated by using conventional photo lithography techniques. Developed micro vacuum pump reduced 
the pressure in micro chamber to 8.5 kPa by using gas-liquid phase transition of pure water. 
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Figure 5: The pressure dependence on the detected ion current measured by the chip ion detector.  
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ENHANCEMENT OF NMR SENSITIVITY IN NANOLITER SAMPLES BY 
DYNAMIC NUCLEAR POLARIZATION AND MICROCOILS FABRICATED 

ON CAPILLARIES BY SHADOW MASK LITHOGRAPHY 
Piotr Kurek1*, Gijs van der Heijden2, Jan van Bentum2, Arno Kentgens2 and Han Gardeniers1 

1University of Twente, The Netherlands, 2Radboud University Nijmegen, The Netherlands 
 

ABSTRACT 
Modern dynamic nuclear polarization (DNP) systems produce a high nuclear magnetic resonance (NMR) signal 

enhancement but distort the static magnetic field in an NMR system. As a result the obtained spectrum has a resolution 
not suitable for most NMR applications. Localizing the detection region only to the part of the resonator where the 
magnetic field component of microwave (MW) is the highest and highest static magnetic field homogeneity should 
increase the resolution without compromising enhancement. Here we present a novel method of manufacturing a 
microcoil on a capillary, enabling localized in-situ NMR detection inside a MW cavity. 
 
KEYWORDS: Dynamic Nuclear Polarization, Nuclear Magnetic Resonance, Microcoil 
 
INTRODUCTION 

Nuclear magnetic resonance (NMR) spectroscopy is a very valuable technique for identification of molecules, but 
because of poor sensitivity requires a large quantity of molecules to collect signal in a reasonable amount of time. This is 
a major drawback when considering mass limited liquid samples. Dynamic nuclear polarization (DNP) in the liquid state 
is a technique that may help to overcome that problem. The mechanism behind the DNP enhancement in liquids is 
described by the Overhauser effect [1] by which the much larger electron spin polarization can be transferred to nuclear 
spins through a (partial) saturation of electron paramagnetic resonance (EPR) transitions. The enhancement  of the 
signal is given by: 
 

, 
 
where  is the electron gyromagnetic ratio,  is the nuclear gyromagnetic ratio,  is the coupling factor, f is the leakage 
factor and s is the saturation factor. The coupling factor  depends on the dynamics of the electron-nuclear spin system. 
In liquids, for pure dipolar coupling it takes the maximum value of 0.5 at low fields. This means that the maximum 
theoretical enhancement with respect to the thermal equilibrium is -330, which in theory reduces measurement times by a 
factor of ca. 105. Although theory predicts that this value of enhancement is achievable only at low magnetic fields, 
recent studies have shown that significant enhancement is also possible at much higher magnetic fields. 

To measure the DNP efficiency we use an experimental setup based on the concept of the non-radiative (NR) 
dielectric microwave (MW) resonator [2]. The resonator assembly is shown in Figure 1. The quartz cylinder placed 
between two copper plates forms a MW cavity. The NR cavity operates in cylindrical TE011 mode where the magnetic 
flux MW B1 is concentrated along the axis of the structure.  

Figure 1. a) Schematic representation of the NR resonance structure. The red arrow illustrates the direction of the static 
magnetic field. b) The microwave field profile of the TE011 mode of the resonator is characterized by the magnetic field 

distribution concentrated along the axis of the resonator. 
 

In previous studies with this structure [3,4] the NMR coil was hand made out of small gauge copper wire, creating a 
single loop with wires oriented parallel to the axis of the structure. The length of this coil was much larger than the size 
of the MW cavity. In this configuration the acquired signal originates from the sample placed both inside and outside of 
the resonator cavity. The structure of the probe placed inside the large magnetic field, due to the magnetization produces 
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a small magnetic field that changes the resulting magnetic field experienced by molecules in the sample. The effect of 
this aggravates the results as the sample placed outside the resonator has larger volume. This means that the sample has 
to be probed only inside the resonator, were the MW magnetic field is the strongest. This can be achieved by an altered 
NMR coil design, the operation of which is based on the rule of reciprocity. The rule states that the sensitivity of the 
NMR coil as a detector is proportional to the efficiency as a transmitter. This implies that the sample has to be placed in 
the part of the coil generating the strongest magnetic field in the transverse plane. 

Figure 2. a) 3D rendering of a designed microcoil. b) Layout of the four sides of the microcoil with RF B1 field profile 
across the sensitive region. 

 
MANUFACTURING 

The presented method uses a shadow mask to selectively deposit a Cr/Cu seed layer on four sides of the rectangular 
capillary. Figure 3 illustrates the multistep fabrication process. The whole coil requires deposition of four distinctive 
patterns in four steps. After each deposition the capillary had to be rotated and aligned inside the shadow mask. Accurate 
alignment between every side was kept using alignment markers deposited in previous steps. Paths on adjacent sides are 
electrically connected to create a cathode for electroplating of a thicker copper layer to reduce coil resistance. 

This new coil manufacturing process starts with the fabrication of a silicon shadow mask. The capillaries for the 
microcoils were 280 µm x 280 µm x 50 mm therefore the channels to guide capillaries inside the shadow mask had to be 
of similar dimensions. Employing 100 mm silicon wafers and leaving excess space for handling of the capillary during 
metal deposition allowed placing of 16 shadow masks on a single wafer. A single microcoil requires four patterns, one 
for each side. The shadow masks were produced by deep reactive ion etching of a 525 µm thick silicon wafer. First the 
side with deep channels was etched approx. 475 µm. The side with the pattern was opened in the following step creating 
an approx. 50 µm thick stencil. 

A square capillary (Polymicro technologies, WWP100375) was cut into 52 mm long pieces. The polyimide coating 
was stripped in concentrated sulfuric acid at 130 °C. In the following step the capillaries were placed in a polymer frame 
and etched in 50% HF solution to reach a length of the side of 280 µm. During etching, the frame with capillaries was 
floating in the etching solution providing uniform etching from all sides. Capillaries etched this way kept their resistance 
to bending despite the lack of polyimide coating. 

Figure 3. An overview of the microcoil manufacturing process. The orientation marker has been added to indicate 
rotation of the capillary. The fused silica capillary is placed inside the silicon micromachined shadow mask in step 1.  

In steps 2-5 seed layer is deposited on four sides of the capillary. Finally (step 6) Cu is electroplated on the seed layer. 
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Figure 4.  a) Loop microcoil on a 280 µm fused silica capillary. b) SEM image of the sputtered Cr/Cu multilayer. 
 
RESULTS 

The designed microcoil was successfully manufactured and tested inside the MW resonator at a field of 3.4 T (144 
MHz 1H). The loaded quality factor of the resonance with aqueous sample was QL=900 with corresponding unloaded 
Q0=2100. The sample used to evaluate the system was 10 mM and 20 mM TEMPO in water and ethanol-water solutions. 
Preliminary DNP results are shown in Figure 5. The 1H signal line-width of a ca. 10 nL sample is 0.2 ppm. This value of 
spectral resolution allows identifying peaks of the ethanol and also allows tracking of temperature changes due to 
dissipation of the applied MW power.  

Figure 5. a) 1H NMR spectra of 20 mM TEMPO solution in ethanol-water solution with different MW irradiation power 
collected using microcoil with localized detection. b) 1H NMR spectra of 10 mM TEMPO solution in water with 

increased MW irradiation power collected by the microcoil with localized detection. The achieved enhancement is 20. 
 
CONCLUSIONS 

The shadow mask manufacturing technique allowed us to create the microcoil on the surface of the fused silica 
capillary. The created microcoil was successfully tested inside the microwave resonator. The spectra recorded by the 
spectrometer show no peaks that were not enhanced by the DNP. It means that all of the recorded response belongs to the 
sample placed inside the resonator. This solution can allow for stopped flow experiments and might find application in 
small sample screening. 
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ELECTRONIC MICROFLUIDIC BIOCHIPS WITH IMMUNE-LIKE 
BIOSENSORS FOR RAPID DETECTION OF C-REACTIVE PROTEIN  
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ABSTRACT 
    In this paper, novel electronic microfluidic biochips with on-chip immune-like biosensors for rapid detection of 
C-reactive protein in human serum have been designed, fabricated, and characterized. According to the 
measurements, the specificity of PIP films was up to 450%, which is the same as that of biological antibodies. The 
adhesion force between PIP films and antibody-coated AFM tips showed no decrease at least for 3 months. The 
linear range of the developed microfluidic microchip with PIP biosensors is from 2 μg/ml to 200 μg/ml for human 
serum samples. The response time of the developed biosensor is around 110 seconds. 

KEYWORDS 
Microfluidic biochip, immune-like biosensor, c-reactive protein, electrical detection.  

INTRODUCTION
Biomolecular recognition layer is one of the key components of biosensors, especially for protein sensing.  

Most of protein biosensors use biological antibodies as biomolecular recognition layers [1], which have the 
disadvantages of short lifetime, short shelf-life at elevated temperature, and poor chemical resistance.  In this 
abstract, microfluidic biochips with immune-like biosensors are developed. The immune-like biosensors consist of 
nanocavities on the surfaces, which have high specificity and long shelf-life, for capture of target protein in samples. 

DESIGN AND FABRICATION 
 Figure 1 shows the design of our electronic microfluidic biochips with immune-like biosensors for 

rapid detection of c-reactive protein in human serum. In this study, we unify the orientation of template 
molecules during imprinting process by binding CRP antibody on the template, which would enhance specificity of 
the biosensors.  The developed technique polymerized and patterned the protein-imprinted polymer (PIP) biosensor 
with designed photomasks by UV exposure process, as shown in Figure 2.  After the templates extraction process, 
the developed PIP films on the chips can be used to identify and separate the target molecules, as shown in Figure 3.      

Figure 1. Schematic illustration of the developed electronic microfluidic biochips with on-chip immune-like biosensors 
for rapid detection of C-reactive protein in human serum. 
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EXPERIMENTAL RESULTS 

Compared to non-protein imprinted polymers (NIP), the AFM images of the immune-like biosensors (PIP films) 
have nanocavities on the surfaces. According to the adhesion force measurements by antibody-coated AFM tips, the 
adhesion force caused by specific binding of immune-like biosensors was 29 nN, which is more than that of 
biological antibodies, as shown in Figure 4a. In addition, compared with non-imprinted polymers and non-aligned 
imprinted polymers, our developed highly-aligned imprinted polymers have the highest adhesion force caused by 
specific binding, as shown in Figure 4b. The specificity of PIP films was up to 450%. The adhesion force between 
PIP films and antibody-coated AFM tips showed no decrease at least for 3 months at room temperature. In the 
experiments, CRP samples were injected into the microfluidic biochips. After the separation by immune-like 
biosensors, SDS solvent was delivered to the separation microchamber films for C-reactive proteins extraction and 
then the SDS solvent with the extracted C-reactive proteins was delivered to the electrodes. The CRP concentrations 
in human serum were measured from the electrodes, as shown in Figure 5. The calibration curve was obtained 
simply by calculated discharging time constant from the dynamic voltage curves, as shown in Figure 6a. The linear 
range of the developed microfluidic microchip with immune-like biosensors is from 2 μg/ml to 200 μg/ml.  In 
Figure 6b, another set of the known CRP samples were measured and calculated according to the above calibration 
curve. The response time of the developed biosensor is around 110 seconds. The electronic immune-like biosensors 
with the surface functionalized IDA electrodes for rapid detection of C-reactive protein presented in this work 
showed good performance in separation and sensing of C-reactive proteins. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Fabrication process of the developed immune-like 
biosensors for CRP detection. 
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Figure 4. Characterization of the developed sensing films by AFM: (a) adhesion forces between our developed film 
and antibody and (b) comparisons of the adhesion forces caused by specific binding. 

Figure 3. Photographs of the fabricated microfluidic 
biochip with on-chip immune-like biosensors. 
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CONCLUSIONS 

In summary, novel electronic microfluidic biochips with on-chip immune-like biosensors for rapid detection of 
C-reactive protein in human serum has been developed and realized.  The developed platforms with on-chip 
biomimetic biosensors have the advantages of fast detection response, ease of use, high sensitivity, and high 
selectivity.  
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Figure 6. Measurement results of the developed biochips for rapid detection of CRP in human serum: (a) calibration 
curve and (b) the measured CRP concentrations according to the calibration curve. 

Figure 5. Dynamic voltage response of the IDA electrodes after the captured CRP was delivered to the electrodes 
from the immune-like biosensors. 
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Lab-on-a-Syringe Diagnosis of Kaposi’s Sarcoma in the Developing World 
Matthew Mancuso,1 Li Jiang,2 Ethel Cesarman,3 and David Erickson2 

1Department of Biomedical Engineering, Cornell University 
2Sibley School of Mechanical and Aerospace Engineering, Cornell University 

3Pathology and Laboratory Medicine, Weill Cornell Medical College 
ABSTRACT 
  Kaposi’s sarcoma (KS) is the leading cancer in untreated Human immunodeficiency virus (HIV) infected 
individuals, effecting 1 in 20 patients. Two challenges present themselves in determining the presence of Kaposi’s 
sarcoma associated herpes virus (KSHV), the cause of KS: 1. The presence of similarly presenting diseases, such as 
Bacillary angiomatosis (BA) and 2. The detection of KSHV in biopsy samples. Here we show work on creating a 
multiplexed colorimetric detection scheme for KS and BA based on gold and silver nanoparticles as well as work on 
integrating this scheme with technology to lyse biopsy samples. 
 
KEYWORDS 
Biosensors, Gold Nanoparticles, Kaposi’s sarcoma  

 
INTRODUCTION 

When the acquired immunodeficiency syndrome (AIDS) epidemic began in the early 1980s, often the first sign 
patients were infected was the appearance of red cancerous skin lesions, symptoms of an opportunistic disease 
known as Kaposi’s sarcoma (KS).[1] In 1983 Human immunodeficiency virus (HIV) was discovered as the cause of 
AIDS,[2-3] and a little over ten years later the cause of KS was connected to a second virus, Kaposi’s sarcoma 

associated herpesvirus (KSHV).[4] Kaposi’s sarcoma is still the leading cancer in untreated HIV infected individuals, 
and still plays a role in the developed world even after highly anti-retroviral therapy (HART) has made a tremendous 
impact.[5] While KSHV transmission is still being studied,[6] it is known that in some populations the virus hastily 
spreads, and in some places effects over 40% of the population.[7] While the seroprevalance of KSHV is this high, 
the disease only causes cancer in select individuals, and the clinically relevant question becomes detecting KSHV in 
cancer biopsy samples, and not simply antibodies in patient blood serum. In addition to the difficulty associated with 
diagnosing KS based on biopsy samples, additional considerations arise because of the existence of a number of 
similarly presenting diseases, such as Bacillary angiomatosis (BA). BA is a bacterial infection, unlike the viral 
disease KS, and presents with similar red-purple nodules. Further, both KS and BA can often look the same on 
hematoxylin and eosin (H&E) stained histology slides, requiring more advanced immunohistochemistry to 
distinguish. Ultimately, KS detection involves two unique challenges: 1.The need for biopsy based diagnostics, and 
2.The presence of diseases that appear the same as KS when viewed using histology. 

 
To date, a considerable amount of work has been conducted on creating diagnostics for the developing world. A 

tremendous amount of biosensors have been constructed using various mechanical, electrical, and optical 
components, and have achieved all sorts of milestones in terms of measurements like sensitivity, specificity, and 
cost.[8] Of the numerous biosensors created, some of the most interesting involve those that use metal nanoparticles 
and the bright colors associated with their localized surface plasmon resonance to couple detection reactions to 
colorimetric changes.[9] However, for all of the accomplishments in creating point-of-care diagnostics based on 
nanoparticle aggregation reactions, limitations still exist in the form of sample preprocessing, the requirement to 
work in various buffers, and limitations 
in detecting multiple targets.  

 
In this work we demonstrate how 

gold and silver nanoparticle 
aggregations can be combined into one 
multiplexed solution capable of 
detecting both KSHV and BA 
oligonucleotide sequences. This 
multiplexed detection in a single 
solution is particularly important 
because it enables more complicated 
microfluidic systems to later be 
integrated for biopsy lysis. We show 
results of this multiplexed detection 
reaction and demonstrate the limit of 
detection to be approximately 1nM. 
Further, we show preliminary work at 
creating an integrated device for biopsy 
based diagnosis (Figure 1). 
 
 

Figure 1: A prototype Lab-on-a-Syringe Diagnostic is shown (a).  
Samples can be collected using an attached biopsy needle (b), mixed 
in the syringe (c), and injected into an attached microfluidic chip for 
readout (d). 
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EXPERIMENT 

Sequences were chosen for KSHV and 

the two bacteria species that cause BA, 

Bartonella quintana and Bartonella 

henselae, using BLAST Primer Design. 

Oligonucleotides were attached to gold 

nanoparticles based on thiol-gold 

chemistry. Gold nanoparticles and silver 

nanoparticles were mixed at 

concentrations of 1.5nM and 325 pM 

for use in the two-color multiplexed 

experiments. Due to silver’s higher 

absorption cross section, a lower 

concentration was used. In the 

sensitivity experiments various different 

concentrations of DNA were added to 

40uL of both silver and gold 

independently to measure the sensitivity 

of each channel. In both two-color and 

sensitivity reactions solutions were 

given 2h at 65˚C to react, and their near 

UV and visible spectrums were 

collected. Scanning electron 

micrographs (SEMs) were collected of 

nanoparticles spotted onto a silicon 

wafer to further illustrate aggregation. 

 

RESULTS AND DISCUSSION 

Attachment of oligonucleotides to gold and silver nanoparticles yielded solutions stable in high salt 

concentrations (300mM NaCl) for durations on the order of 1 month. As observed in the literature, the resonant peak 

of the nanoparticles shifted slightly (1-3nm) with the attachment of oligonucleotides. The results of a melting 

temperature analysis indicate that aggregates of gold nanoparticle-conjugates functionalized for KSHV, and silver 

nanoparticle conjugates functionalized for BA would disassociate between 70 
o
C and 80 

o
C, and 65

 o
C was used in 

all further experiments to prevent non-specific aggregation. 

 

In multiplexed detection reactions using both gold and silver nanoparticle conjugates we were able to observe 

both sets of nanoparticles independently aggregating (Figure 2). When BA DNA was introduced into the system the 

silver nanoparticle conjugates would aggregate, and their absorbance peak would almost completely disappear. 

Similarly, upon introduction of KSHV DNA the gold nanoparticles would aggregate and their characteristic 

resonance peak would disappear. In the case of silver nanoparticles aggregating the solution changed from bright 

orange to a bright red, similar to the gold particles alone; in the case of gold nanoparticles aggregating, the solution 

would change to a murky orange. Further, SEMs also reveal that the particles were indeed aggregating in the 

presence of target DNA (Figure 3). 

 

The limit of detection of both 

detection reactions were 

characterized separately (Figure 4). 

Our results indicate that our 

non-optimized system had 

colorimetric detection limits of 

approximately 1nM for the silver 

conjugates and 2nM for the gold 

conjugates. Further, both detection 

reactions could be resolved to lower 

limits (<1nM) using a 

spectrophotometer. We suspect the 

limit of the silver nanoparticles was 

higher because of the lower 

concentration of nanoparticles 

needed to achieve a similar 

absorbance of gold. This lower 

concentration leads to a higher 

DNA/nanoparticle ratio, a major 

Figure 2:  (a) An optical spectrum illustrates the change in the 

nanoparticles resonance as they aggregate. (b) A solution of 

conjugated gold and silver nanoparticles before the addition of target 

is shown. (c) Upon introduction of KSHV DNA the gold particles 

aggregate and the solution turns darker orange. (d) Upon introduction 

of BA DNA the silver nanoparticles aggregate, and the solution 

becomes bright pink. All DNA solutions added were 5nM. 

Figure 3:  Scanning electron micrographs of unaggregated oligonucleotide 

conjugated silver and gold nanoparticles on a silicon wafer. After the addition 

of target DNA the silver and gold nanoparticles form aggregates. 

 1361



factor in the size and number of 

aggregates formed. These results line 

up well with similar reported numbers 

for both gold and silver nanoparticles, 

with detection limits around 100pM 

for slightly larger silver particles and 

1nM for similar sized gold.[9]  

 

CONCLUSIONS 

In this work we have demonstrated 

a one-solution multiplexed 

colorimetric detection of KSHV and 

BA DNA sequences using gold and 

silver nanoparticles.  In order to use 

this technique on unamplified DNA 

sequences improvements in 

sensitivity are still required, however, 

because of its simple one solution 

nature, the techniques here can easily 

be integrated with microfluidic 

technology forming diagnostic 

devices capable of solving both major 

challenges associated with KS 

diagnosis; multiplexed detection and 

biopsy lysis.  Further, a number of possible methods exist for increasing the sensitivity of colorimetric 

nanoparticle-based detection, some as simple as using larger nanoparticles.   

 

Since the development of therapeutics capable of controlling HIV have been created the incidence rates of KS in 

the developed world has decreased.  However, in regions where HART is prohibitively expensive, KSHV is still a 

major cause of cancer.  Better diagnostics, built utilizing the system described above, could be useful in diagnosing 

KS and helping determine subsequent treatment. In future work we hope to integrate the reaction with biopsy-based 

detection, and solve both challenges involved in KS diagnosis. 
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Figure 4:  Sensitivity of both gold and silver nanoparticles conjugates. A 

color change was observed for silver solutions around 1nM DNA, and for 

gold nanoparticles around 2nM. (b) and (c) show the absorbance of the 

two systems between 1nM and10nM, in the systems transition region.  
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CONCENTRATION OF WHITE BLOOD CELLS FROM 
WHOLE BLOOD BY DUAL CENTRIFUGO-PNEUMATIC

SIPHONING WITH DENSITY GRADIENT MEDIUM 
 

David J. Kinahan, Macdara T. Glynn, Sinéad M. Kearney, and Jens Ducrée 
Biomedical Diagnostics Institute, National Centre for Sensor Research, 

School of Physical Sciences, Dublin City University, Ireland 
 
ABSTRACT 

Due to the pervasiveness of HIV infections in developing countries there exists a need for a low-cost, user-friendly 

point-of-care device which can be used to monitor the concentration of T-lymphocytes in the patient’s blood expressing 

the CD4+ epitope. As a first step towards developing a microfluidic “lab-on-a-disc” platform with this aim we present the 

concentration of white blood cells from whole blood using a density medium in conjunction with centrifugo-pneumatic 

siphon valves [1]. Two such valves are actuated simultaneously, removing the bulk of plasma through the upper valve 

and the bulk of WBCs through the lower valve while leaving the vast majority of red blood cells in the centrifugal 

chamber. 
 
KEYWORDS 

HIV, Lab-on-a-Disc, White Blood Cells, CD4+ count, Centrifugo-Pneumatic Siphon, Density gradient centrifugation 
 
INTRODUCTION 

Although there is no vaccine for the prevention of HIV infection, the subsequent onset and severity of AIDS can be 

alleviated with Antiretroviral Therapy (ART). The ART induction guidelines issued by the World Health Organization 

(WHO) are based on monitoring the concentration of T-lymphocytes in the patient’s blood expressing the CD4+ epitope 

[2]. In developed countries this is a standard procedure which uses commercial cell counters. However, these costly 

instruments require extensive supporting lab infrastructure and skilled operators. Hence there exists a need in the 

developing countries where HIV is endemic (particularly in rural areas) for a fast and accurate point-of-care device which 

can monitor the concentration of CD+ T-cells with minimal demands on the lab environment and operators [3]. Along 

with the clear medical and economic advantages to be derived from such a platform, recent studies have shown that the 

introduction of point-of-care testing significantly reduces the loss of patients to follow-up care [4-5]. 
Generally, the first step in evaluating CD4+ content is the purification of the white blood cells (WBCs) from patient’s 

whole blood. This is most efficiently carried out by segregating the WBCs using density gradient centrifugation (DGC) 

protocols. Therefore the lab-on-a-disc paradigm is particularly suitable for adaptation of these techniques. Such 

centrifugal microfluidic platforms have been used for a broad number of biomedical applications including sample 

preparation, analyte detection, nucleic acid amplification (PCR) [6] and cell analysis [7].   
The feasibility of DGC for concentration of WBCs on a disc-based platform has previously been demonstrated. 

Schaff et al. [8] used fluorescence to estimate the concentration of white blood cells. Park et al. [9] used thermally 

activated ferro-wax valves to separate the component parts of whole blood. However, opening these valves necessitated 

the disc to halt and the valves to be heated using a complex instrument equipped with an infra-red laser. 
 
OPERATING PRINCIPLE, MATERIAL AND METHODS 

In this work present the concentration of WBCs from whole blood using centrifugo-pneumatically primed siphon 

valves. These rotationally actuated valves have proven to be more reliable and less dependent on surface treatment and 

interfacial tension effects than conventional siphons [1,10]. In addition, they do not require external intervention to 

activate and they are very compatible with mass manufacturing techniques such as injection molding.  
As demonstrated in Figure 1(a) fluid is loaded into the sedimentation chamber at a low rotational frequency (low 

Relative Centrifugal Force (RCF)). The rotational frequency is then increased (Fig 1(b)) such that the centrifugal force 

suppresses capillary flow and the siphon valve does not prime. At these RCF values air in pneumatic chamber is 

compressed and fluid partially fills this chamber. Thus the fluid height is lowered below the siphon crest height. 

Following completion of the centrifugation protocol the rotational frequency is reduced (Fig 1(c)) such that air in the 

pneumatic chamber expands and the fluid level rises above the siphon crest. The siphon valve primes and fluid exits the 

sedimentation chamber (Fig 1(d)). 
The microfluidic disc was fabricated as shown in Figure 2(a) from six layers, 3 of PMMA and 3 layers of pressure 

sensitive adhesive (PSA). Chambers are created by removing material from the central layers of PSA and PMMA. 

Microchannels to connect chambers are defined by in the top PSA layer. Microchannels were backed by a second PSA 

layer to increase hydrophilicity of the microchannels and also to improve optical contrast of images acquired. 
Figure 2(b) is a schematic of the microfluidic structure.  Two separate loading chambers are used, one for Ficoll 

density gradient media (Sigma Aldrich) and one for whole blood (diluted 1:1 with buffer). Ficoll is pre-loaded such that it 

reaches the level of the blood inlet. This allows for efficient overlay of blood on the media in line with standard Ficoll 

protocols. The pneumatic chamber is connected to the sedimentation chamber by a microchannel. The dual siphon valve 
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system is configured such that following centrifugation and on actuation the lower valve removes WBCs, Ficoll and 

some plasma to one collection chamber while the upper valve removes the bulk of the plasma to the second collection 

chamber. The red blood cells (RBCs) remain in the sedimentation chamber. 

 

 

Figure 1. Operational principle of the centrifugo-pneumatic siphon.  

 

 

Figure 2. Schematic of WBC purification disc structure. 

 

As shown in Figure 3(a), 25 µl of density gradient medium (Ficoll) is preloaded in sedimentation chamber. Next, 

18 µl of whole blood (diluted 1:1 with buffer) is layered on the Ficoll at high rotational frequencies (Fig. 3(b)). As the 

blood loads, the air in the pneumatic chamber is compressed and some Ficoll media enters the pneumatic chamber. This 

drops the fluid height below the crest point of the siphon. The rotational frequency is then increased such that the bottom 

of the sedimentation chamber experiences an RCF of 400 g (Fig. 3(c)). During this step, the RBCs migrate to the bottom 

of the chamber. Plasma and WBCs, which are buoyant in Ficoll, create distinct stratified bands (Fig. 3 (d))  

After centrifugation is completed, the rotational frequency, and thus the pressure head, is reduced so the air residing in 

the pneumatic chamber expands and pushes the fluid level above the siphon crests (Fig. 3(e)). The siphon valves are 

primed simultaneously and the fluid drains into the collection chambers (Fig. 3(f)).  The upper siphon valve removes 

plasma to a designated collection chamber (Fig. 3(g)) while the WBCs, some plasma and some Ficoll is removed into the 

second collection chamber through the lower siphon valve (Fig 3(h)). The RBC component of the whole blood remains in 

the main sedimentation chamber. 

 

RESULTS AND CONCLUSIONS 

We have presented a new method where two centrifugo-pneumatically primed siphon valves are actuated 

simultaneously using the same pneumatic chamber. This valving strategy offers a number of key advantages compared to 

other available techniques As the siphons are pneumatically actuated it allows us to manufacture our disk from a 

hydrophobic material such as PMMA. Conventional siphon valves would require the use of a naturally hydrophilic 

material (which could promote cell adhesion), the addition of surfactants to biological samples or the application of a 

hydrophilic surface treatment to the material (which in some cases can degrade over time). In addition cetrifugo-

pneumatically primed siphon valves do not require any external instrumentation for actuation, are amenable to mass 

production techniques such as injection molding and are compatible with the RCF forces required by the established 

DGC technique. 

A significant disadvantage of centrifugo-pneumatically primed siphon valves is the surface area occupy on a disc. 

This can be particularly critical for highly integrated sample-to-answer systems where disc real estate can be a precious. 
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The use of a single pneumatic chamber to simultaneously actuate two valves allows increased concentration of the WBC 

layer (due to simultaneous plasma removal) while making a significant space saving over a cascaded system (where 

plasma and WBCs are could be isolated sequentially). In the case presented here the design precondition to have both 

siphon crest points at the same radius requires the upper siphon valve to take a circuitous route around the pneumatic 

chamber. This can be mitigated – and indeed the entire design be made smaller – in future designs by employing 3D type 

structures where microchannels and reservoirs are integrated into different vertical layers. 

The density gradient centrifugation method presented here constitutes a key sample preparation step towards 

developing an integrated, easy-to-use, rugged and cost-efficient lab-on-a-disc diagnostic platform for accurate monitoring 

of CD4+ concentration for application in developing countries. 

 

 

Figure 3. WBC concentration using the novel, dual siphon valve structure.  
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Figure 1.  Experimental setup.  A passive chip made of 
Polydymethylsiloxane-on-glass (A) is placed on a piezoelectric 
transducer (B). A general ALCAT structure is shown  in C. No external 
tubing or syringe pumps are required. 

 
RAPID TWO-STEP BLOOD SAMPLE PREPARATION  

WITH ACOUSTIC MICROFLUIDIC CHIPS 
Arlene Doria, Nicholas E. Martin and Abraham P. Lee 

Department of Biomedical Engineering, University of California - Irvine, USA 

ABSTRACT 
Analysis of proteins in blood such as detecting antibodies in serology tests necessitates that the blood samples be 

stripped of their cellular components and diluted.  The standard method of sample preparation requires a centrifuge 
and careful pipetting techniques to transfer the sample to the analysis tool.  Here we present a microfluidic device that 
can rapidly perform two-step blood sample preparation using air-liquid cavity acoustic transducers (ALCATs).  
ALCATs are trapped microbubbles that generate cavitation microstreaming when activated with ultrasound. Using 
ALCATs, plasma separation from a blood sample followed by plasma dilution is performed wholly on chip in 
approximately one minute. 

KEYWORDS 
point-of-care, acoustic, ultrasound, blood, diagnostics, sample preparation, erythrocytes, microfluidic 

INTRODUCTION  
Blood sample preparation is an important step when developing a point-of-care (POC) diagnostic device.  Device 

errors stem from operators handling samples incorrectly [1]. Rapid plasma extraction from whole blood is required to 
prevent cellular components from interfering with the detection analysis which is often performed optically in a POC 
device [2]. The conventional method to separate cells is centrifugation. In rapid diagnostic devices, commercially 
available filters are integrated into the device to extract plasma. However, manufacturing these filters requires complex 
and costly processing with multiple reagents. Other microfluidic strategies to extract plasma include the bifurcation law, 
hydrodynamics, filtration, and magnetophoresis [3].    However, many of these strategies have practical limitations in 
cost, time, scale-up, and plasma yield.  Previously, using ALCATs we reported the rapid extraction of plasma from whole 
blood in which plasma yields were 
comparable to some commercially 
available methods [4].  ALCATs are 
air cavities that form naturally in 
hydrophobic devices filled with liquids.  
When activated by ultrasound, the 
air-liquid interfaces will oscillate and 
create stable cavitation streaming 
within a localized region of the 
surrounding liquid. Fluid and particle 
manipulation can be accomplished on a 
passive, disposable chip that is placed 
on top of an external acoustic 
transducer with a coupling medium 
(Figure 1). Here we combine the 
versatility of ALCATs in cell 
separation and micropumping of a 
diluent to achieve a quick two-step 
sample preparation. Plasma dilution is 
often required for analyzing 
immunoassays (e.g. ELISAs of 
antigen-spotted microarrays) because 
antibodies in whole blood are present 
in large amounts [2]. 

 
EXPERIMENT 

We present a fast, two-step blood sample preparation that is performed wholly on-chip utilizing ALCATs. Figure 2 
shows a device with a serpentine channel that is lined with angled ALCAT arrays to separate red blood cells from plasma.
To better visualize separation, the blood sample was pre-diluted with an equal volume of fluorescein solution so that the 
plasma extract is yellow.   
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Figure 3.  Two step sample preparation.  The result of plasma extraction is shown 

in the top channel (A).  A snapshot of on-chip dilution shows micropumping of the 

blue dye into the yellow plasma resulting in green solution in the outlet (B.  The 

on-chip sample preparation was achieved in roughly one minute. 

 
    As seen in Figure 3, the device consists of two parts: blood plasma extraction followed by dilution with a blue dye. 

Two serpentine channels with high density ALCAT arrays were positioned in parallel and joined into one channel (JC) 

downstream (Figure 3A). 

First, the top channel is 

acoustically activated to 

filtrate red blood cells and 

deliver extracted plasma  to 

the JC. Roughly 3.5µL of 

plasma is extracted from 

15µL of blood sample. 

Secondly, the bottom channel 

containing a 15µL of blue 

diluent is then activated. Here 

diluent is pumped into the 

plasma containing JC to 

effectively dilute the 

extracted plasma.  With the 

combination of yellow plasma 

and blue diluent, the final 

diluted sample at the outlet is 

green (Figure 3B).  All 

devices were made of 

polydimethylsiloxane bonded 

to glass and fabricated using 

standard soft lithography 

techniques.  Devices were 

activated using 20 Vpp square 

waves at 44 kHz.   The 

oscillating air-liquid 

interfaces create local vortices 

that trap red blood cells while 

simultaneously pumping 

plasma downstream effecting 

a net separation of cells from 

plasma. This was modeled on 

CFD-ACE+ using oscillating 

velocities that are 

approximately normal to 

arc-shaped inlets (Figure 4, 

top left).   A snapshot of the 

velocity magnitudes from the simulation shows that fluid will be propelled downstream from left to right (Figure 4, top 

right).    Blood cells were modeled as spray particles.  In the presence of the oscillating velocities, transient simulations 

show particles are trapped near the inner corners of the ALCAT structures (Figure 4, bottom left).  Simulation of blood 

cell trapping showed qualitative agreement with experimental (Figure 4, bottom right). Particle counts of ALCAT 

extracted plasma show that the purity of extracted plasma is comparable to centrifuged  

 

Figure 2.  Plasma separation from blood with ALCATs (left figure).  Plasma separation is easily visualized with 

addition of the yellow fluorescein solution to the original blood sample. Microscopic view ALCATs show that 

ALCATs are angled toward the direction of flow from left to right (right figure).  Blood cells are trapped in 

vortices while plasma is simultaneously pumped downstream effecting a net separation of cells from plasma.      
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Figure 5.  Particle counts of plasma extracted by ALCATs (top) are 

compared to centrifuged plasma and a pure diluent (top). Normal cell 

morphology of red blood cells (RBCs) is shown from a blood sample 

activated by ALCATs (bottom left) and from a blood sample not activated 

(bottom right). 

 

 

Figure 4.  Computational fluid dynamic simulation of trapping using 

CFD-ACE+ showing qualitative agreement with the video snapshot of 

dynamic particles trapped in vortices. 

 

 

 

 

plasma (Figure 5, top).  Using Wright 

Stains, blood films of the acoustically 

activated blood show normal cell 

morphology compared to 

non-activated blood (Figure 5, bottom 

images).   

    In summary, this novel method of 

microfluidic control is tunable and 

durable since no moving parts are 

required for the chip. Because ALCAT 

microstructures can be fabricated in 

only a single layer, they are amenable 

to conventional manufacturing 

processes that produce inexpensive 

parts. This sample preparation strategy 

uses low blood volumes that can be 

obtained from a fingerstick. 

Furthermore, the technology can be 

integrated on-chip to accelerate 

sample-to-answer times in 

plasma/serum analyses for various 

POC diagnostics.  
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HYBRID PAPER-POLYMER LAB-ON-A-DISC
FOR BIOASSAY INTEGRATION

Neus Godino, Elizaveta Vereshchagina, Robert Gorkin III, and Jens Ducrée
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ABSTRACT

In this work we present a novel, hybrid paper-polymer lab-on-a-disc system which combines both advantages of passive 
liquid movement in paper and active rotational flow control. The system enables both transport of plasma in the directions 
parallel or reverse to the centrifugal force and precise plasma dispensing by the spinning frequency. The system functionality 
has been demonstrated on the detection of triglycerides in plasma by implementing a commercial assay kit. To the best of our 
knowledge, this is the first time of a comprehensively integrated bioassay system in paper-polymer hybrid disc.

KEYWORDS 

lab-on-a-disc, paper microfluidics, blood separation, colorimetric assay

INTRODUCTION

Nowadays, the high potential of paper-based, disposable point-of-care devices is undisputed due to its low cost [1-2], its 
amenability to dry reagent storage and surface functionalization [3], and for its ease of use even by unskilled users [4-5].
However, conventional paper microfluidics presents severe restraints due to merely imbibition based flow control. By syner-
gizing the well-established lab-on-a-disc technology with paper microfluidics it is possible to overcome this significant bot-
tleneck [6]. In the present work, contoured paper segments have been integrated into centrifugally actuated lab-on-a-disc plat-
forms to take advantage of both autonomous capillary pumping and the particle filtering characteristics of paper [6-7]. This 
hybrid approach leverages a repertoire of liquid-handling operations (LUOs) such as flow control, filtering, metering or even 
liquid routing in a simple, cheap and fast fashion [7]. Particularly, we describe three fundamental microfluidic LUOs such as 
valving, blood separation and plasma metering. These processes would be very hard to engineer with conventional paper mi-
crofluidics. Moreover, we demonstrate the full integration of a colorimetric assay kit for the detection of triglycerides in 
blood.

MATERIALS AND METHODS

The hybrid lab-on-a-disc is made of Poly(methyl methacrylate) (PMMA), pressure sensitive adhesive (PSA) and chroma-
tographic paper type 1 WHATMAN®. The PMMA parts were cut using a CO2 laser, the PSA and paper siphons were defined
using a knife cutter. All layers were consecutively stacked and sealed irreversibly. Figure1A shows a 3D-schematic of the 
hybrid disc assembly. 

!

!
Figure 1. (A) 3D schematic of disc assembly. The device consists of 5 layers (3 layers of PMMA and 2 layers of double-sided 
adhesive, PSA). The Whatman® Chr 1 paper stripes with adhesive back are sandwiched between layer 3 and layer 1. (B) 
Picture of the final disc used for the final detection of triglycerides in blood.
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Contoured paper segments are inserted in the siphon channels to provide centrifugo-capillary valving function. Figure 1B 
shows a photo of the disc used for the colorimetric detection of triglycerides in blood. For the experiments on detection of 
triglycerides in plasma, a CAYMAN® triglyceride colorimetric assay was sourced. 

RESULTS AND DISCUSSION 

Figure 2 depicts the two main drivers governing the novel valving mechanism: capillary action and centrifugal force. The 
main novelty is the use of paper as an active element for on-disc flow control and sample. At a threshold frequency of 
3000 rpm (rotations per minute), the two forces are balanced to halt the flow. At elevated frequencies, liquid is centrifuged 
out of the paper (Fig. 2A). For lower frequencies capillary action prevails to propel liquid through the paper siphon towards 
the center of rotation (Fig. 2B). By repeatedly crossing the threshold frequency, we achieve liquid circulation though the si-
phoning channel. Capillary siphoning is a well-known valving technology, but the main innovation is the implementation of 
chromatographic paper as a capillary channel without requiring (typically unstable) hydrophilic surface modification to the 
polymeric channel. 

!

! Figure 2. Schematic of the key counteracting driving mechanism, capillary action and centrifugation. (A) Above the thresh-
old frequency, the centrifugal force suppresses inbound capillary flow. (B) Below the threshold frequency, capillarity domi-
nates to drive the liquid through across the crest point of the paper siphon. 
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Figure 3.Plasma metering using centrifugo-capillary pumping cycles. (A) 70 µL of plasma is loaded at 375 rpm. (B) The 
plasma is continuously adsorbed but remains confined to the paper segment. (C) Plasma is extracted from the paper at high 
frequency (2250 rpm). After 4 cycles of 30 seconds at 375 rpm and 30 seconds at 2250 rpm 10 µL of plasma were extracted. 
(D) Optimization of the 10-µL plasma metering for at 375 rpm and a range of  values for the upper frequency. The chosen 
cycle (375 rpm/2250 rpm) corresponds with the lowest plasma extraction time. 

Figure 3 illustrates the fundamental microfluidic principle underlying accurate metering using centrifugo-capillary recir-
culation. After loading (Fig. 3A), the liquid is absorbed by periodic switching between low (capillary domain) and high (cen-
trifugal domain) frequencies (Fig. 3B), and then expelled from the paper at high spin rates (Fig. 3C). In this example, 10 µL 
of human plasma, from an initial volume of 50 µL, was metered along four cycles of 30 seconds at 375 rpm and another 30 
seconds at 2250 rpm with a precision of 1µL. The frequencies were optimized, as it is showed in Figure 3D, in order to min-
imize the number of cycles. Note that conventional lateral flow technologies do not permit the extraction of a metered vol-
ume from the paper membrane. 
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Using the optimized metering protocol, we automated paper-siphon based blood separation and colorimetric detection of 
triglycerides in whole blood using a commercial kit. Following the manufacturer’s instructions, 10 µL of human plasma is 
incubated with an enzymatic mixture for 15 minutes. For that purpose, 80 µL of blood is loaded at 6000 rpm (Fig. 4A). At 
elevated frequencies (over the threshold frequency), red blood cells are separated in the designated sedimentation (Fig. 4B). 
Afterwards, the frequency of rotation is relaxed to 375 rpm and pure plasma is absorbed through the paper siphon (Fig. 4C). 
Using the already optimized pumping cycles 10 µL of pure plasma is metered and incubated with the enzymatic mixture, re-
sulting in a color build-up from transparent to light purple (Fig.4D).  

 
Figure 4. Colorimetric detection of triglycerides in blood. (A) 80 µL of human blood is loaded at 6000 rpm. (B) Whole blood 
separates in plasma and red blood cells. (C) When the frequency is relaxed to 375 rpm the plasma is absorbed through the 
paper siphon. The protocol for metering 10 µL uses cycling between 375 rpm and 2250 rpm. (D) After 15 minutes of incuba-
tion for the metered plasma and the enzymatic mixtures, a color change transparent to light purple is discernible. 

CONCLUSIONS AND OUTLOOK 

By integrating paper segments into a polymeric la-on-a-disc platform, we have integrated a colorimetric enzymatic assay 
relying on three fundamental LUOs: blood separation, plasma metering and valving. Encouraged by the high potential of 
such hybrid devices we will continue to extend the toolbox of centrifugal paper microfluidics towards more complex assay 
protocols, higher precision and sensitivity.  
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ABSTRACT 
  This paper reports an automated compact immunoassay system with disposable, mass-producible, low 
cost, and postage-stamp-size microchip, for measurement of insulin and glucose from whole blood. The 
microchip consists of simple micro diaphragm pumps, and screen-printed electrodes. The chip is able to 
implement whole protocols for immunoassay including sample loading, washing, and loading of reagent 
for electrochemical measurement. It can measure glucose and sub-nanogram order insulin from 2 µl 
whole blood. This technology would extend clinical indices for insulin resistance (ie; HOMA-R, QUICKI) 
as indices for fitness not only to people with diabetes but also to the general population. 
 
KEYWORDS 
HOMA-R, user-friendly assay system, micro diaphragm pump, immunoassay. 

 
 

INTRODUCTION 
The amounts of glucose and insulin are important indices, due to its strong correlation with life style 

disease such as metabolic syndrome. From those amounts, we can calculate clinical indices for insulin 
resistance (ie; HOMA-R, QUICKI) as indices for fitness not only to people with diabetes but also to the 
general population. In those purposes, a compact, rapid and low-cost point-of-care testing (POCT) device 
is suitable. The measurement of insulin in blood, however, is not so easy because of its low concentration, 
a few ng/mL. Such measurements require the immunoassay with bind/free separation, which makes total 
system large and expensive. For self-testing application, it is also important to measure from a small 
amount of the blood, within 10 µL, which can be obtained by using lancet. 

In this paper, an automated compact immunoassay system is reported with disposable, mass-producible, 
low cost, and postage-stamp-size microchip, for the measurements of insulin and glucose from 2 µl whole 
blood. The microchip consists of simple micro diaphragm pumps[1], and screen-printed electrodes. The 
chip is able to implement whole protocols for immunoassay including sample loading, washing, and 
loading of reagent for electrochemical measurement.  

 
EXPERIMENT 

Automated and compact (W115 x D150 x H105 mm) 
insulin and glucose analyzer, which consists of 
electrochemical analyzer, micro pump driver, and two 
syringe pumps system, was developed (see fig. 1) For the 
measurement of insulin and glucose, blood sampling was 
conducted by lancet. A specific amount of the blood 
sample (2 µl) was metered in the chip by the capillary 
action in metering chamber having specific volume. The 
sample was delivered to sensor electrode by diaphragm 
pump driven by integrated pressure control machine. In 
case of glucose measurement, the concentration of 
glucose in whole blood was simply measured by means 
of enzymatic method when the blood reached on the 
measurement electrode. Insulin measurement was 
conducted by previously developed electrochemical 

 
 

Figure 1: (a) Photograph of automated 
assay system. (b) Schematic illustration 

and photograph of a microchip for 
insulin and glucose measurement. 
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immunoassay[2]. In the step of immunoassay, the insulin in blood sample made complex with antibody 
labeled with gold nanoparticle conjugate, which already in the chip, during delivery to the sensor 
electrode. When the insulin reached on the electrode, it made sandwich complex on the electrode. Then 
free-gold nanoparticles and insulin sample were washed out by flowing washing buffer solution by 
syringe pump. Again the washing buffer was replaced with measurement reagent by flowing the reagent 
with syringe pump. For the detection of immunocomplex on the electrode, gold nano particles were 
oxidized by applying potential. Then reduction current was measured by means of DPV method. 

The demonstration of automatic operation of the developed system was carried out using whole blood 
sample. After filling chamber with the sample, the sensor chip was set on the eternal system then 
diaphragm pump was started. The behavior of the all steps were observed under microscope. 

It has been reported in previous studies that the reaction was accelerated by using micro-scale reaction 
chamber [3-4] . The immunoreaction in microchannel was tried to be compared with conventional method. 
In brief, the calibration curve of insulin was measured by different incubation time. In the case of 
microchannel reaction 2μl of sample was flown in 10 min however 2 μl of sample droplet was just put on 
the electrode and incubated for 60 min in case of conventional method. 
  From view point of further miniaturization of whole system, cost reduction, and commercial product 
development, it is favorable to operate all liquid operation with diaphragm pump. For this, the less volume 
of washing reagent is advantageous. In this purpose, we evaluated the effect of washing by signal to noise 
ratio as a function of volume of washing reagent. 

 
RESULT & DISCUSSION 

Figure 3 (a)-(d) shows automatic operation of 
the insulin and glucose analyzer. (fig. 3 (a)) shows 
electrode before pumping. When the process is 
started via touch panel, diaphragm pump is 
operated to deliver the whole blood to the 
electrode (fig. 3 (b)). During the operation, any 
kind of problems such as back flow of the sample 
from inlet port was not found. Then series of 
reagent injections are automatically implemented 
for the washing of electrode and electrochemical 
measurement. For washing process, 10 μl of 
washing buffer was injected by 2 μl/min. During 
this process, replacement blood with washing 
buffer was done and the blood smear was paled 
out. Back flow or leakage of washing buffer was 
not found in this process also. HCL injection was 
properly done (fig. 3 (c)-(d)). Again, we 
confirmed that leakage and backflow of the 
reagent was not found. Whole process is operated 
within 15-20 min without handling help. 

 
 

Figure 3. Photograph of whole blood and reagent 
handling in automated system. (a) Initial state of 

the blood pumping. (b) Blood reached to 
electrode surface (c) washing injection (d) 

washing complete and measurement reagent 
(HCl) injection. 

 
 

Figure 2: (a) principle of glucose detection. (b) principle of insulin detection 
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Figure 4 compares the result of insulin detection 
using screen-printed electrode. It is found that the 
calibration curve in microchannel exhibit close profile 
as that of conventional method. Therefore it suggests 
that immunoreaction accelerated and that the signal 
level in micro channel with 10 min reaction become 
comparable with conventional reaction system with 60 
min reaction.  

Fig. 5 shows the effect of washing volume on the 
signal and background. Clear difference in the signal 
between positive control (sample include 2 ng/ml of 
insulin) and negative control (sample include 0 ng/ml 
of insulin). While signal and background is slightly 
increasing with decreasing of the washing buffer 
volume, however S/N is remains to be same in any 
volumes, suggesting packaging of the washing reagent 
is expected to be possible for further miniaturization 
and cost reduction of whole system is promising.   
 
CONCULUSION 
  By using this system, whole process is operated 
within 15-20 min without handling help. The signal 
level become comparable with conventional reaction 
system within 10 min reaction, when the 
immunoreaction is carried out under continuous flow 
in micro channel. And even the volume of the washing 
is decreased down to 3 ul however it does not result in 
significant degradation of S/N. Therefore packaging 
of the washing reagent is expected to be possible and 
further miniaturization and cost reduction of whole 
system is promising. Our technology would extend 
clinical indices for insulin resistance (ie; HOMA-R, 
QUICKI) as indices for fitness not only to people with 
diabetes but also to the general population. 
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Figure 4. A measured result of insulin using 

screen-printed electrode. 

 
Figure 5. Effect of washing buffer volume on 

signal to noise ratio. 
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MICROFLUIDIC PURIFICATION OF EXTRACELLULAR VESICLES 
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ABSTRACT 
    We introduce a novel use of porous polymer monoliths as nanoporous membranes to purify extracellular 
vesicles in microfluidic chips. Using in-situ UV-initiated photopolymerization, membrane elements can be patterned 
in the desired region in microchannels by simple contact mask lithography with reasonable resolution. Pore size can 
be manipulated by changing the ratio of porogenic solvent to prepolymer solution, and was tuned to a size proper for 
the filtration of vesicles (~100 nm). Employing the membrane as a filter with a driving force of either pressure bias 
or electrophoretic injection, vesicles were extracted from the blood of melanoma grown mice and their contained 
RNA was analyzed. 
 
KEYWORDS 
filtration, porous polymer monolith, exosome, microvesicle, electrophoresis.  

 
INTRODUCTION 

Various mammalian cells, including tumor cells, actively secrete extracellular vesicles (EVs), also known as 
exosomes and microvesicles, into their surrounding environments, eventually leading to their existence in many 
bodily fluids. Their cargo of proteins, lipids, and nucleic acids representative of their origin cells are being 
recognized as increasingly important as they may be used as disease indicators that can be gathered 
noninvasively [1]. For analysis based on vesicles, EVs from the sample fluid must be isolated from coexisting 
material, e.g. cells and debris. Currently used techniques to accomplish this include serial centrifugation and 
ultra-centrifugation, which is laborious, or immobilization based on a characteristically expressed surface molecule, 
which may be overly specific. Compared to existing protocols, microfluidic filtration is rapid, nonexclusive and well 
suited to processing small sample volumes. 

We report the development of a purification system based on size exclusion filtration or electrophoretic 
separation and demonstrate its effectiveness by purifying vesicles from the whole blood of healthy and melanoma 
grown mice. The proposed device can be fabricated simply in PMMA substrates and the membrane is formed by 
photopolymerization of a porous polymer monolith (PPM) [2]. EVs were filtered using the membrane and we found 
greater amounts of vesicle contained RNA in filtered samples compared to conventional ultracentrifugation 
techniques.  

 
IN-SITU PHOTOPATTERNING OF MEMBRANE ELEMENTS 

A crossflow microchip is fabricated in a PMMA substrate by CNC micromilling. The membrane is then 
synthesized in the region defined by a mask by filling the channels with a prepolymer solution and exposing the chip 
to UV light, as shown in Figure 1a and b. The prepolymer solution consists of a monomer, glycidyl methacrylate 
(GMA), cross-linker, ethylene glycol dimethacrylate (EGDMA), photo-initiator, 2,2-dimethoxy-2-phenyl- 
acetophenone (DMPA) and porogenic solvent, methanol. GMA was chosen for its negative surface charge, which 
prevents similarly charged vesicles from adhering to its surface by electrostatic attraction. Additionally, the chemical 
similarity in the acrylate groups of the PMMA substrate and monomer GMA allowed the monolith to remain firmly 
anchored to the channel walls after synthesis, without an accompanying surface modification (Figure 1c and d) [3].  

 
MEMBRANE POROSITY CHARACTERIZATION 

The porosity characteristics of the filter were tested by passing various mixtures of calibrated particles through 
the channels until an upper and lower bound were found for each tested recipe of PPM. Therefore, estimated pore 
size was found as a range between the rejected and permeated species of particles, as in Figure 2a and b. We found 
that the proportion of porogenic solvent was the most direct parameter to control the pore size characteristics. 
Gradually decreasing the porogen content led to the formation of tight, closely packed networks of monolith beads 
and effectively decreased the pore size, as compared between Figures 2c and 2d. 

 
EXTRACTION OF EXTRACELLULAR VESICLES

We devised two schemes for carrying out microfluidic isolation of EVs from blood samples. Using the membrane 
as a size exclusion filter, we separated vesicles from cells and large debris by injecting whole blood under pressure 
through the microfluidic device. EVs and small proteins could pass through the membrane unimpeded while cells 
and other components larger than the minimum pore size of ~300 nm were unable to permeate. The heterogeneity of 
PPM pores lends itself well to filtering particles of high size contrast since large components are blocked by the 
larger features of meso and macro-pores while small material continues to pass unrestricted through the smallest 
pores of the network. Up to 5 μl of filtrate could be extracted from raw blood samples before the filter reached its 

clogging limit. The membrane with embedded support posts can withstand high pressures (typically 1.5 bar) with  
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Figure 1. The proposed microfluidic device. (a) A 

cross channel microfluidic chip is filled with 

prepolymer solution and exposed to UV light through 

a mask. (b) After photopolymerization, the 

synthesized monolith acts as a semi permeable barrier. 

(c) SEM image of the section cut shown in “b”. (d) 

High magnification of the region in “c” shows the 

monolith structure is strongly integrated into the 

channel walls and that sharp resolution between the 

monolith and the channel lumen is possible. 

 

Figure 2. Porosity characterization demonstrated by 

permeation of different sized fluorescent beads. (a) 

Fluorescent micrographs showing the separation of 

1 µm (green) and 100 nm (red) polystyrene beads. 

Arrows indicate the flow direction. (b) Porosity can 

be controlled by adjusting the proportion of 

porogenic solvent. (c) SEM image of a section cut of 

a 67% monolith formed in a channel; a relatively 

open structure is formed. (d) At 58% a tighter 

network is formed. A recipe of 60% porogen was 

used for vesicle filtration, corresponding to a pore 

size of ~300 nm. 

 

failure occurring first in plastic tubing attachment points first rather than in the chip. 

In a parallel technique, electrophoretic injection was employed as an alternative driving force to propel particles 

across the filter and increase the separation efficiency of vesicles from proteins. When bias voltage is applied across 

the sample reservoirs, particles possessing a surface charge are moved through the membrane, but large cells 

remained blocked. Exploiting the electrophoretic mobility difference between cell-derived vesicles and soluble 

proteins, the preferable migration of vesicles was realized. This allows EVs to permeate and accumulate on one side 

of the membrane while less mobile proteins are carried away by the cross flow stream before they are able to 

penetrate, thereby increasing the purity of EVs in the filtrate with respect to unit protein content. 

EVs purified by both filtration methods were verified to retain their intact morphology by TEM observation 

(Figure 3). Also, the membranes presented here can be washed and reused multiple times while maintaining their 

original properties. 

 

ANALYSIS OF VESICLE RNA 

The half-life of free RNA present in the blood stream is very short due to circulating ribonuclease, so the 

existence of non degraded RNA in the lysates of collected samples must be mostly due to the existence of RNA 

containing vesicles or cells. Compared to raw whole blood, cell free pressure filtered samples were rich in RNA, 

demonstrating an enrichment of EVs from the available inlet blood. RNA from EVs collected from a conventional 

ultracentrifugation protocol was also compared and we found the proposed microfluidic pressure filtration system 

could gather EVs more efficiently from smaller starting volumes. The electrophoretic injection mode could gather 

EVs at a rate similar to the ultracentrifuge procedure (Figure 4). In the instance of pressure filtration we found there 

to be more RNA in a given volume of blood in subjects with tumors compared to healthy controls (p value < 0.05), 

supporting the notion that tumor cells are very active in releasing RNA containing EVs. 

Furthermore, the electrophoretic mode was able to exclude distracting proteins due to its more selective 

separation mechanism. In the case of tumor grown mice, twice as much RNA could be extracted per unit protein 

content (38.9 ±10.1 ng/100μg protein) in the case of electrophoretic filtration compared to pressure filtration and 

ultracentrifugation (12.7 ±3.4 ng/100μg and 18.8 ±5.4 ng/100μg respectively).  

 

CONCLUSIONS AND FUTURE WORK 

The successful implementation of mass transport control via semipermeable membranes installed in microfluidic 

chips allows a new level of flexibility in integrating on-line sample processing steps. We introduced a simple 

microfluidic filtration system to rapidly extract EVs from small samples, allowing them to be analyzed downstream. 

EVs are growing in importance as research tools and have especially high potential for the diagnosis and early  
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Figure 4. Total RNA extracted from whole blood and 

vesicle samples purified by various filtration methods. 

UC-EV denotes ultracentrifuge isolated EVs. 

Pressure filtered samples were found enriched in 

RNA containing EVs compared to whole blood and 

showed even greater recovery efficiency than existing 

ultracentrifuge procedures. Also, a difference in EVs 

was found between tumor and healthy subjects in the 

case of pressure samples. *, p < 0.05. 

Figure 3. TEM images of tumor subject mouse blood 

vesicles purified by (a) conventional 

ultra-centrifugation, (b) pressure driven microfluidic 

filtration, and (c) electrophoretic-injection driven 

filtration. The native morphology of vesicles is 

preserved in the microfluidic filtration methods, 

while ultracentrifugation causes many vesicles to 

fuse together and aggregate with proteins. Filtered 

EVs are round and show a characteristic cup shape. 

 

monitoring of cancer. In future work, we aim to employ microfluidicly isolated blood-borne EVs in elucidating the 

status of tumors. 
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ABSTRACT 
    This paper presents novel handheld analyzer with disposable lab-on-chips for electrical detection of anesthetic 
propofol in human serum samples for clinical diagnostics.  The developed on-chip biosensors are based on 
molecularly imprinted conducting polymer techniques.  In this paper, we have designed, fabricated, and 
characterized the developed system with disposable lab-on-chips for detection of propofol molecules.  The response 
time of the developed propofol biochips is 21 seconds.  

KEYWORDS 
Handheld analyzer, disposable lab-on-chip, electrical detection, anesthetic propofol. 

INTRODUCTION
Propofol (2,6-di-isopropylphenol) is an intravenous anesthetic, widely used in induction of anesthesia, total 

intravenous anesthesia and sedation of intensive care unit patients.  Although the blood concentration can be 
detected by high-performance liquid chromatography and/or gas chromatography [1], these methods are 
time-consuming and not ease of access.  In order to achieve effective blood concentration and avoid adverse effect 
produced by excessive or insufficient propofol, clinically we need a more convenient access to monitor the blood 
concentration.  We have previously developed and characterized optical propofol biochips based on color reagents 
reaction in methanol-based propofol samples [2].  In this abstract, we develop and characterize handheld analyzer 
with disposable lab-on-chips for electrical detection of propofol in human serum.  The developed biosensors are 
based on plastic antibody technology, which can capture analyte with high specificity.  In addition, color reagents 
and label tags are not required while using the electrical detection with plastic antibody technology. 

DESIGN AND FABRICATION 
 Figure 1 shows a schematic drawing of novel handheld analyzer with disposable lab-on-chips.  The proposed 

handheld platform consists of embedded systems, touch screen, sensing circuit, battery, electronic interface, and 
disposable microfluidic biochip with on-chip biomimetic biosensors.        

Figure 1. Schematic illustration of the proposed handheld analyzer with disposable lab-on-chips and on-chip 
biosensors for electrical detection of propofol in human serum for clinical diagnostics. 
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The developed biomimetic biosensor, which provides high specific binding to the analyte, is used for separation 
and sensing of analyte propofol, shown in Figure 2. According to the equivalent circuit of the biosensors, the analyte 
concentration can be measured by the detection of surface capacitor change, which is related to the captured analyte.  

The fabrication process of molecularly-imprinted conducting polymer (MICP) electrodes involves three steps, 
including combination, electropolymerization, and extraction.  After the electropolymerization of the conducting 
polymer electrodes, the imprinted sites were formed by releasing template molecules from the electrodes.  Figure 3 
shows the picture of the developed novel handheld analyzer with disposable lab-on-chips.  The right inset picture is 
the fabricated plastic microfluidic chip with on-chip biosensors.  The chip was inserted to the handheld platform.  
The propofol sample was dropped at the inlet of the plastic biochip and then was sucked into the chip by capillary 
force. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EXPERIMENTAL RESULTS 
In the experiments, propofol molecules were added into the human serum samples.  The serum samples with 

known propofol concentrations were injected into the microfluidic biochips.  Figure 4 shows the dynamic propofol 
binding results characterized by electrochemical impedance spectroscope.  From the binding curve, the binding 
reached saturation at the 20th second.  In the experiments, the developed biosensor started the measurement at the 
21th second.  Figure 5 shows the discharging curve for different propofol concentrations is measured between 0 
μg/ml to 60 μg/ml.  According to the measured discharging curve for MICP and non-molecularly imprinted 
conducting polymer (NICP) in Figure 5 and Figure 6a, the specific binding of the biosensor is up to 5500%.  The 
discharging slopes were calculated as a calibration curve, shown in Figure 6b.  The electronic anesthetic biosensors 
with MICP electrodes for rapid detection of propofol presented in this work showed good performance in separation 
and sensing of anesthetic propofol molecules. 

 

Figure 2. Working principle of biomimetic moleculary-imprinted conducting polymer biosensors.  

Figure 3. Photographs of the developed handheld ARM-based analyzer with disposable lab-on-chips and on-chip 
molecularly-imprinted conducting polymer biosensors. 
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Figure 6. Measurement results at different analyte propofol concentrations in human serum: (a) dynamic voltage 
response from the molecularly imprinted conducting polymer (MICP) biosensors and (b) the calibration curve 
calculated from the dynamic voltage curve. 
 
CONCLUSIONS 

In summary, novel handheld analyzer with disposable lab-on-chips for clinical diagnostics has been developed 
and realized.  The developed platforms with on-chip biomimetic biosensors have the advantages of compact size, 
ease of use, high sensitivity, high selectivity, and low cost.  
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Figure 5. Dynamic voltage response from the 
non-imprinted conducting polymer (NICP) biosensors at 
different analyte propofol concentrations in human serum.

Figure 4. Dynamic capacitance measurements of 
molecularly-imprinted conducting polymer electrode during 
analyte binding by electrochemical impedance spectroscope. 
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ABSTRACT
Integration of sample preparation is a key issue in the development of point of care diagnostic devices. We address the 

integration of a magnetic-particle based DNA extraction from 200 µl of whole blood into a centrifugal-microfluidic LabDisk. 
Quality of LabDisk extracted DNA was compared to DNA extracted by commercial spin columns as golden standard with 
four independent extractions from one blood sample. Experiments reveal comparable recovery of human growth factor gene 
determined by qPCR (c1:10 LabDisk = 4.6 +/- 0.7 ng/µl vs. c1:10 spin-column = 4.1 +/- 0.4 ng/µl), comparable purity (A260/A280 
~ 1,8 +/- 0.1), and slightly increased ethanol concentrations in LabDisk extracted DNA 5.9 +/- 2.4 % compared to 3.3 +/- 
0.2 % in case of spin-columns. 

KEYWORDS: Centrifugal microfluidics, DNA extraction, blood, diagnostics. 

INTRODUCTION
Blood is a major sample matrix in genotyping applications. External-pump driven microfluidic chips for such DNA-

purifications usually transfer the sample volumes to the microscale, thus loosing sensitivity of the assay [1,2]. DNA-
purification from whole blood spiked with pathogens using a centrifugal microfluidic disk has been demonstrated [3], 
however, the technical requirements included laser valves and moveable magnets. An easier LabDisk based approach with 
static magnets and without need of laser valves was demonstrated in [4] by DNA-purification from an E. coli lysate. Here we 
demonstrate applicability of this approach to the extraction of DNA from whole blood samples, especially focusing on 
sample volumes of clinical relevance (200 µl). 

Figure 1: Prototype LabDisk processing device (Qiagen Lake Constance GmbH) with microfluidic LabDisk for DNA 
extraction. The disk is fixed at the motor of the player comprising a holder with two magnets for bead transfer. All reagents 

are loaded by pipetting before the automated protocol starts. Lysis, bead binding, washing and elution are automatically 
performed by rotation at different frequencies and halting. 
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PROCESSING DEVICE; LABDISK LAYOUT AND FUNCTION, AND EXPERIMENTAL SETUP 

COP-foil based LabDisks are fabricated by blow thermoforming [5] and processed by a prototype LabDisk Player 
(Qiagen Lake Constance GmbH) (fig. 1). A LabDisk comprises chambers for reagent loading, blood cell lysis and DNA-to-
bead binding, two washing steps, and elution. Bead-transfer between chambers is accomplished by two static external 
magnets and slow movement of the disk along the magnets (fig. 2). Reagents are pre-loaded prior to extraction and consist of 
buffers provided with the Qiagen DNA Blood Mini Kit (lysis-, binding-, washing- and elution buffers). The blood sample is 
mixed with magnetic beads and Proteinase K and loaded onto the disk. Then the automated extraction process is started. 
Afterwards, the eluted DNA is pipetted off the LabDisk. The eluate is analyzed for purity by absorbance measurement, 
recovery by real-time PCR and ethanol concentration by mass spectrometry. Results are compared to spin-column based 
reference extractions (Qiagen DNA Blood Mini Kit). Data were obtained from four independent extractions with each 
method and based on one human blood sample. 
 

Figure 2:  Microfluidic structure and protocol for DNA isolation. The LabDisk is loaded with sample and all reagents. 
Then the automated frequency protocol starts: ① Reagents and sample are transferred into corresponding reaction 

chambers and chemical lysis begins. ② Successive stopping and turning the disk enables binding buffer valving into the 
lysis chamber to bind the released DNA to silica magnetic beads. Following steps are repeated for two washings and the 
elution: ③ & ④ The disk stops to collect beads by external magnets. ⑤ Slow stepwise turning leads to bead transfer 

towards the next reaction chamber. ⑥ Final disk rotation releases the beads into the next chamber. 
 
EXPERIMENTAL RESULTS 

Purity of the eluates from the two different DNA extraction setups (A260/A280) was within the optimal range (1.8-2.0): 
1.79 +/- 0.10 (LabDisk) and 1.81 +/- 0.11 (spin column). Remaining ethanol (measured by mass spectrometry) was slightly 
increased for the LabDisk: 5.9 +/- 2.4 % (LabDisk) vs. 3.3 +/- 0.2 % (spin column). Recovery of human growth factor gene 
(triplicate qPCR of 1:10-dilutions of the DNA eluates, using 1 µl of DNA per reaction) was determined by quantitative real-
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time PCR in comparison to concentration standards from human genomic DNA. The quantities of DNA in the two 
independent extractions were comparable: 4.6 +/- 0.7 ng/µl (LabDisk) and 4.1 +/- 0.4 ng/µl (spin column) (fig. 3). 

 

 
Figure 3: Quantitative PCR results. Amplification was performed in triplicates. Concentrations of human DNA in disk 

and spin column eluates (1:10 dilutions) were backcalculated according to cycle of quantification (Cq) values of known 
concentrations of human DNA (200 ng, 20 ng, 2 ng, 200 pg per reaction). 

 
CONCLUSION AND OUTLOOK 

DNA-extraction from 200 µL of whole blood on a LabDisk was compared to the golden standard of spin-column based 
extraction (Qiagen DNA blood mini kit). Good agreement was found in terms of purity and recovery. Residual ethanol was 
increased by (79 +/- 32) % in the LabDisk-based extractions but acceptable. The suggested approach for LabDisk integrated 
DNA-extraction from whole blood can be recommended for integration of sample-in-answer-out systems, including 
downstream DNA-amplification protocols such as diagnostic PCR, RPA or LAMP assays. 

 
 

ACKNOWLEDGEMENTS 
We acknowledge support from federal ministry of education and research (BMBF), Germany, in the project UniSond 

(FKZ 16SV5405). 
 
REFERENCES 
[1] Duarte GR, Price CW, Littlewood JL, Haverstick DM, Ferrance JP, Carrilho E, Landers JP, Characterization of dynamic 
solid phase DNA extraction from blood with magnetically controlled silica beads. Analyst, 135: pp. 531-537, (2010). 
[2] Azimi S, Nixon G, Ahern J, Balachandran W, A magnetic bead-based DNA extraction and purification microfluidic 
device. Microfluid Nanofluid, 11: pp. 157-65, (2011). 
[3] Cho YK, Lee JG, Park JM, Lee BS, Lee Y, Ko C, One-step pathogen specific DNA extraction from whole blood on a 
centrifugal microfluidic device. Lab Chip, 7: pp. 565-573, (2007). 
[4] Strohmeier O, Emperle A, Focke M, Roth G, Mark D, Zengerle R, von Stetten F, Magnetic bead based DNA purification 
on a disposable centrifugal microfluidic foil cartridge. Proc.of the 14th International Conference on Miniaturized Systems 
for Chemistry and Life Sciences (MicroTAS), Groningen, The Netherlands, pp. 402-404, (2010). 
[5] Focke M, Stumpf F, Faltin B, Reith P, Bamarni D, Wadle S, Mueller C, Reinecke H, Schrenzel J, Francois P, Mark D, 
Roth G, Zengerle R, von Stetten F, Microstructuring of polymer films for sensitive genotyping by real-time PCR on a 
centrifugal microfluidic platform. Lab Chip, 10: pp. 2519-2526, (2010). 
 
CONTACT 
Simon Wadle +49-761-203 73228 or simon.wadle@imtek.de 

 1383



 CAPILLARY SENSOR ARRAY CHIP AS A “SAMPLE-TO-ANSWER” 
DEVICE FOR SIMPLE, RAPID, AND MULTIPLE COMPONENT 

ANALYSIS OF SERUM SAMPLE  
Yusuke Kimura, Terence G. Henares, Shun-ichi Funano, Tatsuro Endo and Hideaki Hisamoto 

Osaka Prefecture University, JAPAN 
 
ABSTRACT 
    This paper reports a novel microdevice showcasing the rapid and simultaneous multi-analyte sensing of 
different serum components; glucose, cholesterol, pH and alkaline phosphatase (ALP). Discrimination between 
normal and high analyte concentration in a serum sample was achieved and results were obtained within minutes 
after sample introduction. The complexity of microdevice fabrication and fluid handling from our previous system, 
capillary-assembled microchip (CAs-CHIP) [1-2], has been circumvented in this work that led to a simple 
fabrication and easy operation. Furthermore, we have exploited the fluorescein-based probes for simultaneous 
multi-analyte sensing by using only one fluorescence filter.  
  
KEYWORDS 
Serum analysis, glass capillary sensor, multi-analyte sensing  

 
INTRODUCTION 

Blood serum contains essential biomaterials that are associated with disease progression. Monitoring of such 
proteins or metabolites present in serum sample is of utmost importance for disease prevention or treatment. 
However, the current technology for serum analysis is time consuming and utilizes relatively large amount of 
expensive reagents Therefore, the development of a simple, rapid and reliable sample-to-answer bioanalytical 
microsystem with the ability to analyze multiple components in a given biological sample is vital in the field of 
micro-total analysis systems. Such research thrust is highly regarded for clinical and medical applications. 

  
EXPERIMENT 

The general concept of the capillary sensor array and operation is depicted in Figure 1. The device is divided into 
two parts, the capillary embedding black PDMS part [3] and the PDMS reservoir, both of which were prepared by 
simple molding. The square capillary sensors (300m outer dimension) were embedded into the black PDMS square 
microchannels (300m), and then combined with the PDMS reservoir to realize the multi-capillary sensor array chip. 
The capillaries for glucose, cholesterol, pH and ALP sensing were prepared by immobilizing the molecular probes 
associated for each analytes with polyethylene glycol acting as scaffold inside the square glass capillary (100m 
inner dimension). The spiked and unspiked serum samples were introduced into the capillary via capillary action and 
allowed to react with specific molecular probe present in the capillary. Sample evaporation was prevented by 
dropping PDMS oil on both ends of the capillary array sensor chip. Fluorescence response was measured using a 
fluorescence microscope and processed with ImageJ software.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 1: Basic concept and simple operation of the multi-capillary sensor array chip. Major parts of 
the chip (A) capillary embedding black PDMS, (B) PDMS reservoir and photos of the operation 
steps: i- parts of the chip with six capillaries embedded into the black PDMS; ii-stages of sample 
introduction: (a) capillary sensor with reagent immobilized on the four corners of the capillary, (b) 
reagent release by capillary action and (c) reagent-analyte reaction generating fluorescence; 
iii-assembly; iv-sealed with PDMS oil droplet and fluorescence detection.  
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RESULTS AND DISCUSSION 
The current device is an open-type and the size of the capillary embedding black PDMS is shorter than the 

length of the capillary sensor. This approach permits a reproducible device fabrication and facile fluid handling. The 
capillary sensors take advantage of a molecular probe that yields green fluorescence response whether the reaction is 
enzymatic or protolytic. Figure 2 depicts the chemical reactions inside the sensing capillary. Such capillary sensor 
design permitted single fluorescence filter utilization, which led to simultaneous biosensing. In addition, more 
sensitive fluorescence measurement is obtained using the black PDMS. The bioanalytical features of various 
capillary biosensors are displayed in Table 1. All of the analytes registered an analysis time within 10 minutes and a 
coefficient of variation of not more than 9%. These results proved a rapid and reliable measurement of glucose,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Table 1. Basic bionalytical characteristics of the capillary sensors 

 

Capillary 
sensors 

Analysis 
Time 
[min] 

Response 
Range 
(Serum 
Level)  

RSD  
(n=3) 

Glucose 5  0.1 – 1.5 
(0.7-1.1) 
[mg/mL] 

7.7% 

Cholesterol 8  0.5 – 2.5  
(1.4 – 2.2) 
[mg/mL] 

5.3% 

ALP 10  0.05 – 1.0  
(0.1 - 0.3) 
[unit/mL] 

8.8% 

pH  1  pH: 
7.1–7.6 

(pH: 
7.3±0.05) 

5.5% 

 
 
cholesterol, pH, and ALP. Moreover, the normal level of each analytes in the serum sample is within the response 
range of the capillary sensor, which implies that accurate measurement is expected. Figure 3 demonstrates the ability 
of the capillary sensor array chip to discriminate normal and high level of analytes in a serum sample. An increase in 
fluorescence response is observed when a particular analyte is spiked on a normal serum sample while other 
capillary sensors did not respond. 
 

Figure 2: B Enzymatic reactions in various sensing capillaries containing different enzymes 
like glucose oxidase (GOx), cholesterol oxidase (ChOx) and alkaline phosphatase(ALP). 
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CONCLUSIONS 

A simple microdevice fabrication and an easy assay operation for the rapid, simultaneous multiplexed 
measurement of glucose, cholesterol, ALP and pH in serum sample was successfully demonstrated. The integration 
of various sensing conduits into the PDMS channel array that yields the same green fluorescence response upon 
reaction with an analyte permitted single fluorescence filter utilization. Thus, simultaneous multi-component 
measurement of serum sample was realized. This open-type CAs-CHIP was able to discriminate between the normal 
and high serum level of various analytes with purely single-step operation and within minutes upon sample 
introduction. The proposed bioanalytical tool could be applied for disease prognosis or diagnosis. 
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Figure 3: Comparison of the spiked and unspiked normal serum sample using the 
multi-capillary sensor chip. 
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ABSTRACT 

We report the first particle-based immunoassay on digital microfluidics without the aid of oil carrier fluid to enable 
droplet movement. This new format allowed the realization of an on-chip particle separation method capable of removing 
greater than 90% of unbound reagents in one step. Compared to conventional methods, this immunoassay approach 
reduced reagent volumes and analysis time by 100-fold and 10-fold, respectively, while retaining a level of analytical 
performance required for clinical screening. We propose that this technique has great potential for use in an inexpensive 
instrument for the quantitative analysis of proteins and small molecules in low sample volumes. 
 
KEYWORDS 
Digital microfluidics, immunoassay, EWOD, electrowetting-on-dielectric, ELISA, magnetic separation 
 
INTRODUCTION 

There is great interest in miniaturizing immunoassays in microfluidics, as this can potentially speed up analysis, 
lower reagent consumption, and reduce the cost and size of test instruments.[1] While most fluid handling schemes in 
microfluidic immunoassays rely on continuous fluid flow or droplets within networks of enclosed micron-dimension 
channels (i.e., microchannels), an alternative droplet-based fluid handling scheme called digital microfluidics (DMF) is 
growing in popularity.[2] In DMF, fluids are electrostatically controlled as discrete droplets (pL to μL) on an array of 
insulated electrodes. By applying appropriate sequences of potentials to these electrodes, multiple droplets can be 
manipulated simultaneously and various droplet operations can be achieved using the same device design. This flexibility 
makes DMF well-suited for applications that require complex, multistep protocols such as immunoassays.[3]  

 

 

 
 
To date, two DMF methods for magnetic particle-based immunoassays have been reported.[4-5] In this previous 

work, an immiscible oil carrier fluid was required to prevent non-specific adsorption and enable droplet manipulation. 
This is not ideal, as proteins in reagent droplets may adsorb to the water-oil interface, which can undermine assay 
performance.[6] In addition, oil is problematic for integration with other on-chip functions that involve solid phases, 
organic solvents, and cell/organism culture. Here, we report the first magnetic particle-based immunoassay on DMF 
without using oil carrier fluid (i.e., droplets are surrounded by air). This change in format allowed the realization of a 
novel on-chip particle separation method, representing a significant improvement to the particle separation methods used 
previously. Using this technique, we developed methods for non-competitive and competitive immunoassays, using 
thyroid-stimulating hormone (TSH) and 17β-estradiol (E2) as model analytes, respectively. We show that, compared to 
conventional methods, the new DMF approach reported here reduced reagent volumes and analysis time by 100-fold and 
10-fold, respectively, while retaining a level of analytical performance required for clinical screening. 
 

Figure 1: Digital microfluidic design. (A) 3D Schematic and side view of a DMF device, which features a movable 
magnet underneath the device for particle immobilization. (B) Top view of DMF device, showing the position of the 
magnet, 10 reservoirs to accommodate reagents, and 96 actuation electrodes to carry out the immunoassay protocol. 
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EXPERIMENTAL 
Device fabrication and operation 

Digital microfluidic devices were formed by standard photolithography and wet etching. The device design featured 
an array of 116 actuation electrodes (2.25 × 2.25 mm ea.) connected to 10 reservoir electrodes (4.5 × 4.5 mm ea.) with 
inter-electrode gaps of 30-80 µm. Devices were assembled with an unpatterned ITO–glass top-plate and a patterned 
bottom-plate separated by a spacer formed from two pieces of double-sided tape (total spacer thickness 180 µm) (Figure 
1A). Unit droplet and reservoir droplet volumes on these devices were ~800 nL and ~3.5 µL, respectively. To drive 
droplet movement, an AC sine wave (~150 VRMS, 10 KHz) was applied between the top-plate (ground) and sequential 
electrodes on the bottom-plate via the exposed contact pads. The DMF system was coupled with a movable neodymium 
magnet, and its position is controlled manually using a metal clip. 
 
Immunoassay reagents 

Key immunoassay reagents used on-chip included analyte standards (TSH or E2), antibody coated paramagnetic 
microparticles (Anti-β TSH or Anti-E2), Horse-radish peroxidase (HRP) conjugated reporters (anti-TSH-HRP or E2-
HRP), and chemiluminescent substrate (luminol/enhancer and H2O2). The DMF system accommodates all required assay 
reagents, allowing for the entire assay to be performed on-chip (Figure 1B). To enable droplet movement without oil 
carrier fluid, we added low concentrations of Pluronic L64 to all reagent droplets.  
 
Magnetic particle washing protocol 

A wash-test assay was developed to evaluate the washing efficiency of the serial dilution and supernatant separation 
methods (Figure 2A, B). A wash-test suspension was prepared by resuspending anti-β TSH particles in TSH conjugate. 
For serial dilution washing, DMF was used to merge and mix a droplet of wash-test suspension with a droplet of wash 
buffer. Next, the magnet was positioned such that the particles were immobilized to one side of the pooled droplet, the 
droplet was split into two daughter droplets, and the droplet not containing particles was moved to waste. After the 
magnet was removed, the droplet containing the particles was mixed to resuspend the particles in solution. For 
supernatant separation washing, particles in a droplet of wash-test suspension were first immobilized by the magnet and 
DMF was used to actuate the supernatant droplet away from the magnet to waste, leaving the particles immobilized on 
the device surface. Next, the magnet was removed, the particles were reconstituted in a droplet of wash buffer, and the 
droplet was mixed to resuspend the particles in solution. For both techniques, the washing procedure was repeated four 
times; after each wash step, the supernatant waste droplet was interrogated for peroxidase activity (Figure 2C). 

 

 

 
 
RESULTS AND DISCUSSION 

A key requirement in particle-based immunoassays is the ability to remove the unbound reagents from the surface of 
the solid support. All previous magnetic particle-based immunoassays implemented in DMF have used a "serial dilution" 
method [4] to wash unbound reagents from particles (Figure 2A). In this work, we used an alternative approach, termed 
“supernatant separation” (Figure 2B), which involves the separation of the supernatant from the particles. This washing 
protocol is more efficient, capable of removing greater than 90% of unbound reagents in one step (Figure 2C).  

We optimized an on-chip particle-based immunoassay protocol using luminol-based chemiluminscent substrates, 
peroxidase-conjugated reagents, and a plate reader for detection (Figure 3A). This protocol was implemented for a non-
competitive immunoassay and, for the first time in DMF, a competitive immunoassay, using thyroid-stimulating hormone 

Figure 2: Comparison of magnetic particle washing protocols. (A) Video sequence of conventional serial dilution 
washing protocol. (B) Video sequence of supernatant separation washing protocol. (C) Comparison of the efficiency of 
serial dilution (red diamonds) and supernatant separation (blue circles) methods by measuring enzyme leftover in the 
supernatant after up to 4 wash steps. Error bars are ±1 S.D. from three replicates.
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(TSH) and 17β-estradiol (E2) as model analytes, respectively (Figure 3B, C). The limit of detection of TSH and E2 are 
0.83 µIU/mL and 21 pg/mL, respectively, making these assays useful to screen for diseases such as hypothyroidism 
(TSH > 3.0 µIU/mL) or ovarian tumor (E2 > 20pg/mL, depending on patient age).  

There are two salient advantages of DMF for immunoassays: reduced consumption of reagent volumes and faster 
analysis time. As context for the former advantage (reagent consumption), a typical well-plate ELISA assay requires 50 
µL sample, 100 µL conjugate, 900 µL wash buffer, and 150 µL substrate. In contrast, DMF immunoassay requires 2.4 
µL sample, 0.80 µL conjugate, 6.4 µL wash buffer, and 1.6 µL substrate. This represents a 100-fold reduction in reagent 
consumption in the DMF method, from 1.2 mL to 11.2 µL. For the latter advantage (analysis time), sample incubation in 
well-plate ELISA kits requires 60 minutes, while the DMF immunoassays only require 6 minutes of sample incubation 
time. This advantage is directly related to the reduction of reagent volumes—the same number of particles is packed into 
a smaller volume, increasing surface area-to-volume ratio and reaction kinetics. 

 

 
CONCLUSION 

We have developed the first particle-based immunoassay on DMF without the aid of oil carrier fluid. Compared to 
conventional techniques, this method reduced reagent volumes and analysis time by 100-fold and 10-fold, respectively, 
while retaining a level of analytical performance required for clinical screening. We propose that the new technique has 
great potential for use in a fast, low-waste, and inexpensive instrument for the quantitative analysis of proteins and small 
molecules in low sample volumes. This innovation will not only simplify device design, but also lead to integrated DMF 
devices in which complex samples can be pretreated and analyzed on a single device. 
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Figure 3: On-chip 
immunoassay protocol 
and calibration curves. 
(A) Scheme of droplet-
based on-chip 
immunoassay. (B) 17β-
estradiol (E2) 
competitive 
immunoassay. (C) 
Thyroid-stimulating 
hormones (TSH) 
sandwich immunoassay. 
Error bars are ±1 S.D 
from four replicates. 
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ABSTRACT 

This study reports an innovative method for the characterization of irrigant flows in a root canal model using 
microfluidic devices. Irrigation plays an important role in successful endodontic treatment. A more thorough 
understanding of different modes of irrigation will aid in disinfection during root canal treatment. An assessment 
method using root canal reconstruction, soft-lithography replication and micro particle image velocimetry has been 
established to compare the fluid dynamics associated with pressurized or syringe-based irrigation and passive 
ultrasonic irrigation. The velocity magnitude and the shear rate on the root canal wall using these modes of irrigation 
are evaluated and the results suggest ultrasonic irrigation creates stronger velocity (0.006 m/sec for PUI vs. 0.003 
m/sec for pressurized injection) toward the apical part of the canal and also higher shear rate/stress on the canal wall 
along its file which will aid in endodontic disinfection.
 
KEYWORDS 
root canal, passive ultrasonic irrigation, particle image velocimetry.  

 
INTRODUCTION 

Endodontic infections are mediated by microbial biofilms [1]. Complete elimination of microbial biofilms 
remains a challenge, in part due to their resistance, as well as due to the anatomical complexities seen in the root 
canal system [2]. Irrigation dynamics refers to how an irrigant flows, penetrates, and readily exchanges within the 
root canal system. A better understanding of the fluid dynamics of different modes of irrigation will contribute to 
achieving predictable disinfection of the root canal system. Through numerical based studies it has been shown that 
there is minimal interaction of the irrigant with the root canal wall when using pressurized or syringe-based 
irrigation, which is the most common mode of irrigation [3, 4]. Passive ultrasonic irrigation (PUI) attempts to 
enhance the interaction of the irrigant with the canal walls through the transmission of acoustic energy through 
microstreaming that produces high shear stress which can remove debris and bacteria from the root canal wall [5].  
This study aims to characterize the irrigation dynamics of pressurized irrigation and PUI using a clinically realistic 
silicone model based on the scanned images of an instrumented canal. The optical transparency of the silicone will 
allow for “real-time imaging” of flow dynamics and will also be amenable for biofilm growth for future studies 
designed to correlate the irrigation dynamics with biofilm elimination.
 

 Computer
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Figure 1: (a) Microfluidic devices of straight root canal; (b) microfluidic device with sealed outlet 
reservoir to mimic root canal with highlighted circle as the observation area in micro PIV and (c) 
schematic diagram of micro PIV setup 
 
EXPERIMENT 

One human extracted mandibular incisor was used for the fabrication of the soft lithography based model.  The 
tooth was decoronated at the CEJ and the canal were negotiated with a size10 K-type file to the major apical 
foramen and flared coronally using Gates Glidden burs #1-2 (Dentsply Tulsa Dental Specialties).  Working length 
was established at 1mm short of the major apical foramen and the canal was shaped with ProTaper Universal rotary 
system (Dentsply Maillefer, Balleigues, Switzerland) to size F3 at working length.  Copious irrigation of 2.6% 

(a) 

5mm 

(b) (b) apical terminus 

sealed outlet reservoir 

air pocket irrigation solution 

(c) 
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NaOCl was used throughout.  The root was then sectioned separating the buccal and lingual halves which were then 

scanned using a microscope and camera (Nikon P5100, NY, USA). The scanned images are then processed in 

ImageJ® software and Autodesk Inventor® to create molds which are printed out using high definition 3D printers 

(ProJet™ HD 3000, 3D SYSTEMS Corp., Rock Hill, USA). After casting PDMS (Sylgard 184, Dow Corning, 

Midland, USA), on the mold, the morphology of root canal is transferred to the replicas which are then bonded to 

glass slides by using oxygen plasma treatment for 1min at 30W (PDC-001, Harrick Plasma, NY, USA).  

The straight canal considered in this study is depicted in Fig. 1(a). Microfluidic channels are 500 µm high and ~1 

cm long with replicated root-canal shapes. The outlet reservoir in the device is reserved for the purpose of biofilm 

growth in the future and is then sealed by applying epoxy (LEPAGE, Missisauga, Canada) to mimic the dentine 

anatomy as shown in Fig. 1(b). The high viscosity and fast curing time of epoxy prevent its overflow into root canal. 

The devices are then filled with DI water and 1µm fluorescent beads for visualization and air pockets are formed 

near the apical terminus mimicking realistic irrigation conditions. A 10 cc syringe with a side-port 30 gauge needle 

(Max-i-probe, Dentsply Tulsa Dental Specialties) was used for the pressurized group, and was inserted to 1mm short 

of the working length and a flow rate of 2 mL/min was used.  For the PUI experiment, a non-cutting, 

ultrasonically-vibrated 200 um stainless steel wire (Irrisafe, Satelec, Bordeaux, France) was inserted 1mm short of 

the working length and operated at 50% power on the ultrasonic device (Suprasson Pmax Newtron, Satelec) for a 

period of 1 minute, avoiding excessive heat generation. The schematic of the experimental setup is shown in Fig. 

1(c). A double-pulse Nd-YAG laser with an interval of 500-1000 µs is used to illuminate the fluorescent seeding 

particles (F-13082, Invitrogen, Carlsbad, USA) and determine the velocity distribution inside the root canal. 

Observation areas near the interface of air pocket and irrigating solution in micro PIV to investigate the flow velocity 

and shear rate. Additionally, area near the middle section for PUI is also chosen to verify the advantage of PUI over 

regular pressurized injection. 

 

 
Figure 2.  Contour of (a) velocity magnitude with a maximum of 0.003 m/s at the bottom and (b) shear 

rate magnitude with an average of ±3 sec
-1

 near the apical of root canal using flow injection at 2 mL/min. 

 

 
Figure 3.  Contour of (a) velocity magnitude with a maximum of 0.006 m/s at the top and (b) shear rate 

magnitude with an average of ±10 sec-1 near the apical of root canal using ultrasonic irrigation. 

(a) (b) 

(a) (b) 

bottom 

top (toward apical) 

top (toward apical) 

bottom 
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Figure 4.  Contour of (a) velocity magnitude with an average of 0.004 m/s and (b) shear rate 

magnitudewith an average of ±20 sec-1 near the middle section of root canal using ultrasonic irrigation. 
 

RESULTS AND DISCUSSION 

The velocity magnitude of flow field within the root canal is shown in Fig. 2(a) and Fig. 3(a) for pressurized 

injection and PUI respectively. While a maximum velocity of 0.003 m/sec is found at the bottom and an average 

velocity of 0.0006 m/sec is found near the top interface using syringe injection, PUI demonstrates its advantages 

over syringe injection by achieving a maximum velocity of 0.006 m/sec near the top which determines the 

effectiveness of removing tissues and debris from the apical. Moreover the shear rate distribution near the wall 

shown in Fig. 2(b) and Fig. 3(b) suggests an average magnitude of ±10 sec-1 on the surface of root canal which can 

disrupt microbial biofilms, while syringe injection only provides an average of ±3 sec-1 shear rate on the surface. 

Additionally, in case of the syringe injection the maximum velocity was localized to a small region on the canal wall 

near the outlet of the needle tip, whereas the PUI group showed high magnitude of velocity and high shear rate 

distribution over a larger area along the canal wall (Fig. 4).  These results suggest that microfluidic replicas of root 

canal can serve as standardized models to characterize the fluids dynamics of different modes of irrigation and 

compare them for efficacy in endodontic disinfection. 
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VERIFAST: AN INTEGRATED SYSTEM FOR FLEXIBLE CTC ISOLATION 
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ABSTRACT 
Circulating tumor cells (CTCs) are rare cellular events that are relevant as a prognostic for many epithelial origin 

cancers. CTCs offer a unique insight into the metastatic cascade and are accessible by a simple blood draw. Here, we 
demonstrate a method for high efficiency and purity CTC isolation that leaves these cells accessible for downstream 
analysis in order to study this highly relevant tumor cell population for targets or responses to cancer therapies. We 
present the VerIFAST, a method and device incorporating all facets of CTC analysis from isolation to enumeration and 
intracellular staining. 

KEYWORD 
CTC, Cancer, Cell Isolation, IFAST, Buffycoat 

INTRODUCTION 
The isolation of cells from a heterogeneous population is necessary for a range of research and diagnostic tools. 

Specifically, isolation of circulating tumor cells (CTCs) from the buffycoat formed from a patient blood draw has shown 
clinical relevance. CTCs are cells within the circulation of patients with metastatic cancer, and are very rare events, with
approximately one CTC per billion background cells. Further, the prognostically relevant bar for determining overall 
survival and disease-free progression is 5 CTCs per 7.5 mLs of whole blood [1]. As such, CTC capture is an isolation 
method requiring both high sensitivity (5 cells) and high specificity (7.5 billion background cells) coupled with the need 
to perform clinically relevant cellular analyses downstream of isolation.  

 
 

Figure 1: Processing Schematic. A) Methodology outlining blood collection through analysis and readout using the 
VerIFAST methodology. B) Schematic illustrating the isolation process with PMBCs settling out of the magnetic path of 
the paramagnetic particle (PMP) bound LNCaP cells. The magnet is used to pull PMP-bound cells to and across the 
virtual wall created by the oil well. C) Top view of the VerIFAST device shown. Staining methodology involves a 
membrane separating two wells of fluid with a porous membrane allowing iterative wash steps for staining endpoints. 

 
Macroscale methods to perform this isolation feature high cell loss due to wasteful transfer steps or centrifugation and 

resuspension steps, but offer the flexibility to perform a wide range of downstream assays. To overcome cell loss, 
microfluidic methods have arisen that feature high capture efficiency by leveraging functionalized micropost arrays, 
patterned surfaces, or physical cellular characteristics to isolate CTCs from background peripheral blood mononuclear 
cells (PBMCs). Although these methods have proven to be enabling compared to macroscale isolation techniques, device 
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flexibility can be limiting, restricting methods of CTC analysis downstream of isolation to a few specific analytical 
techniques. For use with CTCs, there is a specific need for an integrated isolation and analysis technique within a 
microfluidic system that enables downstream flexibility. 

Here, we present a methodology that uses Immiscible Filtration Assisted by Surface Tension (previously shown [2,3]) 
to isolate CTCs from background PBMCs and further perform extra- and intracellular staining without ever having to 
transfer the sample out of the device. EpCAM-bound paramagnetic particles are added to the first well of the device and 
allowed to bind to the target cells (LNCaP cells). The bead-bound cells are then pulled to and across the ‘virtual wall’ of 
the oil phase into a wash well, where staining techniques can be applied (Figure 1).  

 
RESULTS AND CONCLUSION 

This specific embodiment of the IFAST, termed VerIFAST, features vertically oriented chambers that allow PBMCs 
to passively settle out of the operational path of the device. Instead of cells settling to the bottom of the Horizontal 
IFAST device and a magnetic force pulling beads and target cells in the same direction, the VerIFAST changes the 
directions of the two force vectors such that the beads and target cells are pulled away from the background cells (Figure 
2A). As such, >77% purity (representing a 6-fold depletion of PBMCs) and >70% isolation efficiency can be achieved 
with a single oil traverse, as opposed to three traverses with the previous IFAST embodiment (Figure 2B). This is 
directly important and enabling for DNA and RNA isolation from purified CTC samples, as less background nucleic 
acids interfere with the signal generated from CTCs. This vertically oriented device allows the VerIFAST to be highly 
arrayable, and can be conceived as a bulk-processing method to isolate and analyze multiple samples at one time. 

To expand the utility of captured CTCs, a novel method to perform more complex, intracellular and multiple antibody 
analyses using CTCs, a specialized chamber was added to the VerIFAST in order to facilitate wash steps and staining 
within this device. This chamber features a unique wash well fabricated into the device featuring two fluid chambers 
separated by an 8-micron porous membrane. By adding sample into one side of the membrane, washes and aspiration 
steps can be performed on the other side of the membrane without perturbing, binding or removing the sample, with 
demonstrated staining complexity for surface proteins (EpCAM), intracellular proteins (pan-cytokeratins and androgen 
receptors) and a Hoescht nuclear stain (Figure 2D). 

 

 
 
Figure 2: A) The original IFAST device (left) and the VerIFAST (right, shown with more wash wells) are shown with oil 
traverses highlighted. B) Increasing the number of traverses increases the purity of the resulting sample, however >70% 
purity can be achieved in a single oil traverse with the VerIFAST device compared to three with the original IFAST 
device. C) An array of VerIFAST devices shows the ability to streamline sample processing for clinical application. D) 
Three costains are shown to demonstrate the flexibility of the platform to different staining techniques: (right) EpCAM-
PE (red) Hoescht (blue), (middle) EpCAM-PE (red) pan-cytokeratins-FITC (green) Hoescht (blue), (right) EpCAM-PE 
(red) anti-rabbit Androgen Receptor primary antibody with a Alexa488 goat anti-mouse secondary (green) and Hoescht 
(blue). 

 
In conclusion, a method leveraging benefits of the microscale for specificity and sensitivity in CTC detection has 

been demonstrated, creating an integrated system for both CTC isolation and flexible downstream cellular analysis. We 
propose to use this method to expand CTC isolation beyond enumeration and surface staining to include intracellular 
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staining. With these methods, a more complete evaluation of CTCs can be employed to evaluate treatment efficacy by 
targeting and tracking proteins related to cellular function through the course of a patient’s cancer treatment. 
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PAPER AND PCR REAGENT ENCAPSULATION 
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ABSTRACT 
This paper reports the development of a combined microfluidic system for purification and amplification of DNA 
from FTA® paper.  Using FTA® paper eradicates the need to elute nucleic acids from a solid-phase matrix prior to 
downstream processing, enabling both purification and amplification to be easily performed in a single chamber on 
the microfluidic device.  Following optimization of the methodology and associated control systems, successful 
amplification of the D21 S11 locus from human buccal swab samples stored on FTA® paper was achieved.  Such a 
system offers advantages in terms of a simple sample introduction interface and the ability to process archived 
samples in an integrated microfluidic environment with minimal risk of contamination.         
 
KEYWORDS 
Archived sample processing, Real-world interface, FTA® paper, DNA purification, DNA amplification.  

 
INTRODUCTION 
The use of FTA® paper, which contains chemicals for cell lysis and protein denaturation, is commonly used for 
the long-term storage of biological samples, e.g. forensic casework.  Such paper also protects nucleic acids from 
oxidative and UV damage, thus enabling long-term storage of biological samples [1].   
  For many years, microfluidic devices have enabled processes associated with genetic analysis to be 
performed, but it has only been relatively recently that such developments have started to focus on the integration 
of processes within a single device rather than a more modular approach.  Both nucleic acid purification and 
amplification using the polymerase chain reaction (PCR) are often at the core of such genetic analyses.  
Challenges associated with the integration of these techniques include reagent compatibility and confinement of 
any solid-phase matrix utilised.   
  Inclusion of FTA® paper within a microfluidic system has been reported only once, where the FTA® paper was 
used in filtration mode, to accommodate relatively large sample volumes, for the detection of HIV-1 from oral 
fluids with subsequent reverse transcription – loop mediated isothermal amplification [2].  This work differs in 
that it uses the FTA® paper in its conventional form allowing the analysis of archived biological samples  to be 
carried out.  In addition the use of electro-osmotic flow (EOF) and wax-encapsulated PCR-based DNA 
amplification reagents provides a reduced foot print and reduced operational complexity for the device.    
  The development of integrated microfluidic systems for genetic analysis is detailed in an excellent review by 
Njoroge et al.[3].  While it is clear that significant advances have been made, one aspect of the methology which 
has yet to be fully addressed is the development of robust sample introduction methods to enable the easy 
introduction of biological samples into a microfluidic devices for analysis, the so -called “real-world interface”.  

The work presented here exploits the use of FTA® paper as both a means of simple sample introduction and as a 
conduit for the analysis of archived biological samples.   
 
EXPERIMENTAL 
Glass microfluidic devices were produced using standard photolithography and wet-etching techniques based on the 
design shown in Figure 1a.  Silanisation of the PCR chamber was performed using trichloro-(1H,1H,2H,2H- 
perfluorooctyl)silane in order to minimise DNA polymerase adsorption.   

Human genomic DNA samples were collected using Omni Swabs [Whatman, UK] which were scrapped along the 
inside cheek of volunteers.  Simulated archived biological samples were produced by depositing the buccal swab 
samples onto FTA® paper [Whatman, UK] while still wet and allowing to air dry for a minimum of 1 hour before being 
placed in a desiccated storage environment until required.  The proprietary chemicals within the paper used to achieve 
this high degree of protection have inhibitory effects on DNA amplification processes and so require removal prior to 
downstream analysis.   

PCR reagent storage on the microfluidic device way facilitated by adding 1.5 µL of a 10 x concentrated PCR 
reagent solution to the recess in central chamber, enabling the correct working concentrations (1x GoTaq® buffer,     
2 mM MgCl2, 1 unit GoTaq® Hot Start DNA polymerase, 10 mg ml-1 bovine serum albumin, 0.01% (w/v) 
poly(vinylpyrrolidone), 0.1% (v/v) Tween-20, 200 µM each deoxyribonucleotide triphosphates and 0.1 µM D21 S11 
forward and reverse primers) to be achieved upon release and mixing with the TE buffer.  The PCR reagents were then 
covered in a thin layer, approximately 150 µm, of low melting temperature eicosane wax.

In order to perform DNA purification on the microfluidic system, the etched channels and chambers were filled 
with FTA® purification reagent [Whatman, UK].  Next, additional FTA® purification reagent and TE buffer (10 mM 
Tris, 0.1 mM EDTA, adjusted to pH 8.0) were loaded into the appropriate wells as shown in Figure 1a.  A 2 mm disc 
was removed from the FTA® paper using a Micro-Punch [Harris, UK] and placed within the central chamber of the 
microfluidic device (Figure 1b).  Platinum electrodes, connected to an external Paragon 3B Power Supply Unit 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1396



[Kingfield Electronics, UK], were then placed into the reagent and waste wells in order to facilitate EOF. 

Following removal of inhibitors, thermal cycling was carried out using a thermoelectric Peltier element, which 

provided both the heating and cooling required.  The following program was used: initial denaturation at 94 °C for   

5 minutes, 35 cycles of 94 °C for 30 seconds, 60 °C for 30 seconds and 72 °C for 30 seconds, with a final extension step 

of 60 °C for 7 minutes.  Amplified DNA samples were subsequently analysed off-chip by capillary gel electrophoresis 

using a 3500 Genetic Analyzer [Applied Biosystems, UK]. 

 
a)                                                   b)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: a) Photograph showing the microfluidic device used to perform integrated DNA extraction and 

amplification experiments.  The channels connecting the buffer wells to the central chamber in the 1 mm base plate 

were etched to a depth of 100 µm and the central chamber drilled to a total depth of 600 µm.  Access ports (1.5 mm 

diameter) were drilled in the 3 mm top plate to accommodate reagents and electrodes for EOF.  The central chamber 

inlet was tapered to facilitate insertion of the FTA
®
 paper disc; b) Schematic cross-section showing how the FTA

®
 

paper discs are placed in the central chamber on top of a layer of wax encapsulated PCR reagents.  

 

 

RESULTS & DISCUSSION 

Preliminary experiments demonstrated the feasibility of manipulating the reagents for DNA purification using EOF.  

A detailed evaluation showed that the average mobility due to EOF for the FTA
®
 purification reagent and TE buffer 

were 7.9 x 10
-6

 cm
2
 V

-1
 sec

-1 
and 1.1 x 10

-5
 cm

2
 V

-1
 sec

-1
, respectively.  

  In the conventional FTA
®
 purification procedure, a drying step is included following washing with TE buffer, prior 

to addition of DNA amplification reagents.  The introduction of a drying step in a microfluidic system can be 

problematic as air bubbles can arise, causing issues with uneven heat and reagent distribution for subsequent steps in 

the process.  In particular, for the methodology proposed here, the removal of the drying step would allow a 

continuous liquid phase to be maintained throughout the procedure enabling EOF to be utilized.  It was demonstrated 

that the drying step could be eliminated with no significant difference being observed (One-Way Analysis of Variance 

at a 0.05 significance level) between the mean and variance from samples which did and did not undergo a drying step.  

It was found that by omitting the drying step the microfluidic procedure could be dramatically simplified. 

Using the EOF mobilities determined previously it was possible to calculate the optimum time required to flow the 

solutions over the disc at a given voltage, ranging from 50 V cm
-1

 to 150 V cm
-1

, to ensure removal of potential PCR 

inhibitors but also to maintain DNA on the membrane.  Following EOF in the presence of either the FTA
®
 purification 

reagent or TE buffer the amount of DNA present at both the anode and cathode was quantified in order to determine the 

optimum applied voltage for both reagents.  It was demonstrated for both the FTA
®
 purification reagent and TE buffer 

that no detectable DNA, based on the limit of detection of the PicoGreen
®
 assay of 250 pg mL

-1
, was removed from the 

FTA
®
 disc at any of the applied voltages.  No quantifiable DNA was detected at either the anode or cathode wells, 

indicating that the DNA on the FTA
®
 disc suffered no adverse effects from either EOF or electrophoresis.  In addition, 

the FTA
®
 discs were subjected to conventional DNA amplification following washing.  Evaluation of the relative 

PCR efficiency, established by capillary electrophoresis, showed a slight increase in fluorescence signal intensity at the 

higher voltages (Figure 2).  Therefore, an applied voltage of 150 V cm
-1

 was chosen for washing which enabled a 10 x 

bed volume to be completed within 77 seconds for each solution. 

Successful encapsulation of concentrated PCR reagents enabled both DNA purification and amplification to be 

performed in a single chamber on the microfluidic device.  PCR reagents were located in the recess of the central 

chamber under a layer of eicosane.  The FTA
®
 disc was placed on top of the wax layer, in plane with the microfluidic 

channels, allowing washing of the FTA
®
 disc with both FTA

®
 purification reagent and TE buffer.  The PCR reagents 

were released during the initial denaturing step due to melting of the eicosane layer and dissolution of the DNA 

amplification reagents in the TE buffer.  After thermal cycling, the PCR products were analysed by conventional 

capillary gel electrophoresis which confirmed that successful DNA amplification had taken place (Figure 3). 
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Figure 2: Graph showing relative fluorescence intensity 

of the PCR products produced when FTA
®

 discs were 

washed with FTA
®

 purification reagent (   ) and TE 

buffer (   ) at different applied voltages (n=3).  

 

 

 

Figure 3: Electropherogram showing PCR products 

from the amplification of the D21 S11 locus, using the 

microfluidic system for integrated DNA purification and 

amplification, as confirmed on an ABi3500 Genetic 

Analyser using a GeneScan
TM

 500 LIZ
®
 Size Standard 

(n=3)

CONCLUSIONS 

The work presented here demonstrates the successful integration of DNA purification and amplification processes on a 

single microfluidic device.  Direct inclusion of FTA
®
 discs within the system provides a simple “real-world interface” 

that exploits the Micro-Punch to facilitate addition of the biological samples into the microfluidic device.  The 

inherent advantages of using FTA
®
 paper also make the proposed system ideal for the analysis of archived biological 

samples.  Using EOF in place of more traditional hydrodynamic pumping mechanisms eliminates any moving parts 

from the reagent transport mechanism and thus simplifies the complexity of design and footprint of the overall 

microfluidic system.  By combining both DNA purification and amplification techniques on a single device the risk of 

sample contamination was greatly reduced.   
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HIGHLY FAST REAL-TIME PCR SYSTEM BASED ON RAPID THERMAL 
CYCLER AND 2-COLOR SCANNING OPTIC MODULE
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Joon S. Shim, Kyu-Youn Hwang, Heekyun Lim, Joon-Ho Kim and Nam Huh
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ABSTRACT
This paper reports a highly fast real-time polymerase chain reaction (PCR) system based on a rapid thermal 

cycler and a 2-color scanning optic module. Average heating and cooling rate of the rapid thermal cycler is 34.5 ◦C/s 
and -4.5 ◦C/s each and 0.5 nM of FAM and Texas Red dyes can be detected by 2-color scanning optic module. The 
Staphylococcus aureus (S. aureus) specific SA442 fragment was successfully amplified using the proposed real-time 
PCR system.

KEYWORDS
Real-time PCR, Rapid thermal cycler, Scanning optic module

INTRODUCTION
Real-time PCR has been widely used in biological research and diagnostics because of its advantages over 

end-point PCR, such as quantification, reduced analysis time, higher specificity and increased sensitivity over a 
wider dynamic range. Growing needs for real-time PCR technology result in a lot of real-time PCR instruments both 
in the research field and commercial market. We report a highly fast real-time PCR system based on a rapid thermal 
cycler and a 2-color scanning optic module, which allows shorter analysis time and higher throughput per test than 
those of other PCR platforms.

EXPERIMENT
Figure1a shows the rapid thermal cycler and 2-color scanning optic module of real-time PCR system. The rapid 

thermal cycler for regulating temperature of a micro PCR chip consists of a silicon-based thermal plate and a fan for 
forced convective cooling. A thin-film platinum resistive heater and a resistance temperature detector were patterned 
on a silicon substrate by MEMS process (Figure 1b). Because silicon has a high thermal conductivity, temperature of 
the PCR chip can be easily elevated by heat generated from the platinum heater and drop down by air flow from the 
cooling fan. Micro PCR chips used in this study were made by anodic bonding between an etched silicon and a glass 
(Figure 1c) [1, 2]. The chip has 8 chambers whose volume is 1 μL each (Total 8 μL).

RESULTS AND DISCUSSION
In order to evaluate thermal cycler’s performance, the temperature of a silicon chip which has the same size as 

the PCR chip was measured during thermal cycling between 55 ◦C (5 sec) and 95 ◦C (1 sec ). Figure 2 shows that 
average heating rate of thermal cycler in the range of 60~90 ◦C is 34.5 ◦C/s and cooling rate is -4.5 ◦C/s and these 
ramping rates are considerably higher than those of most commercial PCR machines.

The 2-color optics can measure fluorescence signal in two channels without crosstalk. Blue and orange LEDs are 
used for exciting fluorescent dyes and optical filters are adequately designed. As shown in Figure 3, FAM and Texas 
Red dyes can be detected as low as 0.5 nM. During thermal cycling, the 2-color optics scans the PCR chip at the 
appropriate period of each cycle (Figure 4a) and fluorescence signals from the each chamber region are 
post-processed. PCR curve is drawn from the post-processed data (Figure 4c) and threshold cycle (Ct) can be 
determined from the PCR curve. PCR reaction in all chambers can be monitored in a very short time (~0.4 sec) 
because average scanning speed is 15 cm/s.

Figure 1. Photos of highly fast real-time PCR system. (a) Rapid thermal cycler and 2-color scanning optic
module, (b) Thermal plate (31 X 14 mm2) and (c) Micro PCR chip (25 X 16 mm2) in the package.
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Fragment of the SA442 region within S. aureus genome was amplified in order to evaluate the performance of 
real-time PCR system. The size of PCR amplicons was designed to be 76 base pairs. Five different concentrations 
(104~100 copies/μL) of templates were amplified and detected in blue channel and one concentration (104 copies/μL) 
in orange channel. TaqMan® probes were used for real-time detection. Forty cycles of denaturation at 95 ◦C for 1 
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Figure 2. Measured temperature profile of silicon chip during thermal cycling 
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Figure 3. Fluorescence signal measurement using 2-color scanning optic module. 
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sec and annealing-extension step at 60 ◦C for 5 sec were repeated in less than 10 minutes. Scanning for detecting 
fluorescence signal started at 3.5 sec of each extension step. As shown in Figure 5, real-time PCR was successfully 
performed in both channels. 
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AN INTEGRATED SELEX MICROFLUIDIC SYSTEM FOR RAPID SCREENING 
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Department of Power Mechanical Engineering, National Tsing Hua University, Hsinchu, Taiwan 

 
ABSTRACT 

An integrated microfluidic system was developed to automatically perform systematic evolution of ligands and exponential 
enrichment (SELEX) process using combinational single-stranded DNA (ssDNA) library for rapid screening of highly specific 
aptamers for influenza viruses in this study. This integrated microfluidic system consisted of several modules on a single chip. 
With this system, the specific aptamers were screened successfully with high affinity for influenza viruses after several repeated 
extraction and amplification runs. Therefore, it may provide a useful platform for specific aptamers screening, which can be a 
promising biomarker to recognize viruses for fast diagnosis. 

KEYWORDS: Influenza virus, aptamer, SELEX, microfluidics 

INTRODUCTION 
Influenza viruses are a group of RNA viruses belonging to Orthomyxoviridae family. They are classified into three types (A, 

B and C) according to different surface antigens. Some strains of influenza viruses are notorious for high morbidity and mortality, 
which causes severe global pandemic diseases, resulting in 250,000 and 500,000 deaths each year [1]. Furthermore, the number of 
deaths caused by influenza viruses can be up to millions in particular pandemic years. Early and rapid diagnosis of influenza 
viruses is therefore crucial for influenza pandemic control and prevention. Traditional methods for detection of influenza viruses 
include virus culture, enzyme-linked immunosorbent assay (ELISA), hemagglutination inhibition test, reverse-transcription 
polymerase chain reaction (RT-PCR), and rapid influenza diagnostic tests. However, some drawbacks have been reported for 
these methods. For instance, ELISA requires a lengthy process, exhibits relatively low sensitivity, low specificity and consumes 
relatively high reagents. Most importantly, anti-influenza antibodies are sensitive to humidity and temperature and therefore 
require delicate apparatus for storage. It is therefore crucial to screen a reliable biomarker to recognize viruses. In this study, we 
reported a microfluidic platform to screen aptamers for recognizing influenza viruses. To the best of our knowledge, the diagnosis 
of influenza A virus using aptamers is the first attempt in literature. 

Aptamer is single-stranded oligonucleotides that can be synthesized by artificial methods and selected for targets of interest 
in vitro [2]. It was demonstrated that the aptamer has high specificity and affinity to bind with various kinds of targets, including 
small molecules, proteins, drugs, viruses, and even cells from a combinatorial ssDNA library. Compared with the antibody, the 
aptamer has higher affinity, higher specificity, rapid and cheaper synthesis and requires non-immune responses. The processes of 
screening specific aptamers is called systematic evolution of ligands and exponential enrichment (SELEX) technology that 
performs iterative rounds of isolation and amplification processes of ssDNA [3]. At each screening round, the individual specific 
oligonucleotides could bind to targets with high affinity and those unbound oligonucleotides are filtered out. However, the 
SELEX is an iterative process that requires a large amount of samples and reagents to perform DNA extraction and polymerase 
chain reaction (PCR) amplification. Moreover, the traditional SELEX process is usually time-consuming, labor-intensive, and 
requires expensive large-scale equipment.  

In this study, a new automatic platform was developed to perform the entire SELEX process for rapid screening of specific 
aptamers for influenza viruses. This virus-SELEX system is smaller in size, consumes less samples and reagents, and faster in the 
SELEX process when compared with the traditional SELEX method. Specific aptamers for influenza A/B viruses were 
successfully screened by using the developed system.  

DESIGN AND FABRICATION 
The virus-SELEX process was performed on an integrated microfluidic system for screening specific aptamers of influenza 

viruses. The positive and negative selections were alternately processed to obtain highly specific aptamers with high affinity for 
influenza viruses. The operating process of screening aptamers specifically for influenza A virus was schematically shown in Fig. 
1. Briefly, the ssDNA library was incubated with influenza A virus and magnetic beads coated with anti-influenza A antibody. The 
magnetic beads could capture ssDNA specific to influenza A virus, which was defined as positive selection. Then, the captured 
ssDNA was amplified by PCR. To obtain apatmers that can bind influenza A virus but not influenza B virus, negative selection 
using magnetic beads coated with anti-influenza B antibody was performed after positive selection. After the incubation process, 
the supernatant of reactant were collected as a test sample for the next round. The positive and negative selections were alternately 
performed for 4~5 rounds to obtain aptamers for influenza viruses with higher specificity. Similarly, in order to screen specific 
aptamers for influenza B, the influenza A virus was used in negative selection. By performing iterative process of screening and 
amplification, the aptamers specific to influenza viruses can be screened successfully.  

The schematic illustrations of the virus-SELEX chip in cross-sectional view and top view were shown in Figs. 2 and 3, 
respectively. This chip was made of two polydimethylsiloxane (PDMS) layers and one glass plate. In addition, it contained 
several modules, including suction-type, pneumatic micropumps,  micromixers, reagent and sample chambers, a PCR 
module and an aptamer extraction module were integrated on a single chip for automating the entire screening process. Figure 
4 shows a photogragh of the virus-SELEX chip. The dimensions of the chip were measured to be 5.0 cm in width and 5.5 cm 
in length. The extraction and amplification of specific influenza virus-aptamers were examined by gel electrophoresis. 
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Figure 1: The SELEX processes of screening 
aptamers specific to influenza viruses, including 
incubation, selection and amplification were 
performed. (a) The ssDNA library was incubated with 
influenza A virus and anti-inf A magnetic beads for 
positive selection. (b) Non-bound DNA sequences 
were washed away. (c) The bound DNA sequences 
were collected by magnetic beads and amplified by 
PCR.  (d-f) The PCR products were incubated with 
the influenza B virus to filter out the sequences that 
can bind to influenza A virus and influenza B virus 
both, and then the specific ssDNA to the influenza 
viruses were amplified by PCR. 
 
 
 
 
 

 
Figure 2: The cross-section view of the SELEX chip 
for screening of aptamers specific for influenza 
viruses. 

 
Figure 3: The schematic illustration of the SELEX 
chip.  

 
Figure 4: A photograph of the virus-SELEX chip. The 
dimensions of the chip were measured to be 5.0cm × 
5.5cm.  
 
 

 

 

RESULTS AND DISCUSSION 
The microfluidic components were characterized first. For instance, in this study, an active micromixer was 

developed to perform the incubation process for ssDNA library and magnetic beads. The normalized 
concentration profile across the mixing chamber is shown in Fig. 5, indicating that the micro-mixer can be used 
to mix the ssDNA and magnetic beads successfully within 2 seconds. (Note that D+ is the normalized location 
across the mixing chamber and C+ is the normalized concentration.) 
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Figure 5: The normalized concentration profile across the mixing chamber. 
 

The 72 bp of amplified specific aptamers for influenza viruses were examined by gel electrophoresis after 
each round of the SELEX process. Figure 6 shows the gel electrophoresis results for the PCR products after each 
round in the SELEX process for positive selection. It indicates that 72 bp of the ssDNA can be successfully 
screened. In addition, these specific aptamers were further incubated with other type of influenza virus/magnetic 
beads as the negative selection. The gel electrophoresis results of the specific aptamers performed by negative 
selection were shown in Fig. 7. These results showed that the microfluidic system can be used for screening a 
specific aptamers efficiently without manual operation. 

 
Figure 6: Gel electrophoresis showed that 72 bp of amplified products after various rounds by SELEX positive 
selection for influenza viruses can be successfully screened. (a) The PCR products of influenza A virus after 1, 2, 
3, 4 and 5 rounds by SELEX, respectively. (b) The PCR product of influenza B virus B after 1, 2, 3, 4 and 5 
rounds by SELEX, respectively. L is 50-bp DNA ladders. 

 
Figure 7: Gel electrophoresis showed the PCR products after several rounds of negative selection from ssDNA 
library amplification. (a) The amplification of influenza A virus after 1, 2, 3, 4 and 5 rounds by SELEX, 
respectively. (b) The amplification of influenza B virus after 1, 2, 3, 4 and 5 rounds by SELEX, respectively. L is 
50-bp DNA ladders. 
 
CONCLUSION 

In this study, a new integrated microfluidic system was developed for rapid screening of aptamers specific 
to influenza viruses by using the virus-SELEX technology. The specific aptamers can be successfully isolated 
and efficiently enriched from the random ssDNA library. Compared to the traditional SELEX method, this 
integrated virus-SELEX microfluidic system has the advantages of automation, rapid screening, fewer 
consumption in samples and reagents. The screened aptamers can be further used for diagnosis of influenza A/B 
viruses.  
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KINETICS OF INSULIN ADSORPTION FROM REAL TIME OF 
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ABSTRACT
We propose an original method to monitor insulin adsorption by EOF mobility measurements. Kinetics have 

been real-time recorded by particle anemometry in a Wheastone microfluidic bridge. Hybrid glass/photosensitive 
PDMS/glass microfluidic chips were fabricated to perform mixed hydrodynamic and electrophoretic cycles, with 
different insulin concentrations. From the real-time measurements the constants of adsorption kinetics were
determined by fitting the extracted data according the Langmuir model. This platform offers accurate results even at 
10-5 M insulin concentration. 

KEYWORDS
Real-time monitoring, adsorption kinetics, electro-osmotic mobility,

INTRODUCTION
The surface instabilities in microfluidic systems are key issues for the development of highly reliable µTAS. 

Biomolecule adsorption onto the inner wall of the microfluidic channel often decreases the resolution and 
reproducibility of analytical experiments based on electrophoresis. Moreover medicinal peptide delivery by 
microdevices could also suffer from these unexpected concentration variation. To study peptide adsorption during 
mixed hydrodynamic and electrophoretic sequences we designed a hybrid glass/photosensitive PDMS/glass 
microchip in a Wheatstone bridge geometry [1] that can precisely measure the electro-osmotic mobility (EOF) 
modulation resulting from biomarker adsorption.

Figure 1. Lithographic masks of the Microfluidic Wheatstone Bridge (µFWB) [1] with H shape channel geometry for 
the fluidic network (in blue), the grey parts are platinum electrodes and short-circuits. The EOF velocity is measured 

by real-time particle anemometry in the four lateral channels of the µFWB.

EXPERIMENT
In this context, we present a novel approach to study insulin adsorption by particle anemometry. Neutral 

polystyrene fluorescent microbeads have been spread into the insulin buffer solutions to measure EOF by 
cross-correlation image treatment. In short, EOF of the central channel is calculated from the velocity of the beads in 
the four lateral channels of the microchip. As soon as insulin covers the polarisable interface the EOF decreases 
because of the Zeta potential modulation. It allows to quantify precisely protein interfacial adsorption on various 
materials. The material used in this study is a 100 nm thin SiC layer that was integrated onto the central 
microchannel (Figure 2) similarly as gate electrode in a polarisable fluidic transistor [2].
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Figure 2. The µFWB chip that integrates the different electrodes, the amorphous 100 nm SiC layer in the central 

channel (see the small and long brown horizontal rectangle in the center of the image). This hybrid device is 
fabricated to have a sandwich “glass/photosensitive PDMS /glass” assembly [3-4]. The blue dashed lines show the 

fluidic network as a guideline for the eyes. 
 
 
A glass/PDMS/glass technology was used to do sandwich microchips in a clean room. The borate buffer solution 

used for insulin was prepared with deionized water at a concentration of 40 mM and pH 9 and filtered using a filter 
of 0.22 microns. Then 1 micron diameter fluorescent polystyrene beads were added to perform particle anemometry 
measurements. A 50 volt electric field has been applied to create an electrophoretic migration of the insulin solution. 
The electroosmotic mobility values were obtained from the measured velocities taking into account the calibration 
factor of the chip and the length of the central channel, the applied voltage and the fluidic resistances of the 
channels.  

 
RESULTS AND DISCUSSION: 
   The fast insulin adsorption onto the surface [3] challenges the feasibility of such EOF measurement at low 
peptide concentration. Indeed the literature reports only few data about fast biomolecular adsorption phenomena in 
µTAS. This is mainly due to the lack of fast and real time instruments to perform these experiments. The observed 
adsorption phenomenon arises from the surface interaction and from the low velocity of the fluidic stream at the 
solid-liquid interfaces. Three different concentrations of insulin have been prepared according to the concentration 
values used in conventional µTAS electrophoresis experiments: from 10-5 to 10-3 mol/L. Isotherm profiles of the 
adsorption have been plotted and fitted according to the Langmuir model [4].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Variation with time of EOF during insulin adsorption experiments with the µFWB chip. At each 
concentration of insulin, the EOF curve has been fitted according to the Langmuir model [4]. 
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While the adsorption of the 10-5 mol/L is rather slow, the higher concentrations induce a fast covering of the surface 
of the central channel. The kinetics parameters of adsorption extracted from Langmuir fits are reported in Table 1. 
By comparison with other classical methods for KaC determination, our Wheatstone bridge chip allows precise 
extraction of kinetics parameters even at very low concentration (down to 10-5 M). The hundreds of seconds 
necessary to level off the exponential EOF modulation underline the idea that, during a typical time of one analytical 
experiment, the migration could be largely altered by insulin physisorption.  

 
 
� 
 

 
 
 
 
 

Table 1. Extracted data from the Langmuir model fitting. 
 

 
CONCLUSION 
   To conclude, we have developed a fast and accurate platform that permits to present a comprehensive study of 
the kinetic of insulin adsorption at typical concentrations used for analytical purposes. An influence of the insulin 
concentration over two factors has been observed: the maximum adsorption time and the surface coverage. 
   In the future, we need to study the repeatability of our measurements to calculate relative standard deviations 
since these unspecific adsorption phenomena may be not reproducible. Moreover we started to study the adsorption 
of insulin on the fluorescent beads at low concentrations to know if it may affect our results. 
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 C Insulin 

 

µEOF (tmax) 
(10−4.cm2.V-1.s-1) 

α  
(10−4.cm2.V-1.s-1) 

ka C   
(s-1) 

Ka  
(m3.mol-1.s-1) 

10-3 M 0.12643 0.09794 177 177 

2.10-4 M 0.16556 0.03299 75 375 

10-5 M 0.16847 0.04391 353 35300 
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ABSTRACT 

We present a magnetic microfluidic fluidized bed device for on-chip sample processing. As a first proof of 
concept, the immunoextraction and preconcentration of fluorescently labelled IgG based a beads plug in fluidized 
state were investigated. Starting from a relatively large volume (ranging from 20 to 200 µL), this device allows for 
IgG an efficient immunoextraction and a subsequent elution. The detection of 1 ng/mL (~ 6 pM) labelled IgG has 
been successfully demonstrated using a “stop and go” elution mode.  

 
KEYWORDS 

Microfluidic, magnetic beads, fluidized bed, preconcentration, immunoextraction. 
 

INTRODUCTION 
Functional magnetic microparticles in microfluidic device are often dedicated to immunoassays. They provide 

large specific surface for biochemical binding and therefore highly efficient interactions with target molecules can 
occur. Nevertheless the handling of such particles in confined geometries has to be carefully optimized to improve 
interactions with fluids and thus the efficiency of the interactions. Here, we investigated a novel microdevice that 
uses a miniaturized magnetic fluidized bed to perform immunoextraction. Earlier systems involved either an 
immobilized matrix of large magnetic particles1

, or a “plug” maintained in place by a pair of magnets facing each 

other across the channel. In the first system, the magnetic elements are large and immobile so the whole beads 
surface is not accessible while low flow rate are applied to avoid high backpressure. In the second system, a 
“fracture” regime occurs when the flow rate increases, inducing inhomogeneous perfusion through the plug and 
reduced efficiency2, 3. We propose here a new microchannel and field geometry that leads to the creation of a 
fluidized bed regime and confer fluid properties to a dispersed solid substance. This approach should overcome the 
above limitations while improving the assay efficiency by increasing the surface to volume ration and improving the 
target/beads mixing. 

 
EXPERIMENT 

The design of the microfluidic device is presented in Figure 1.a. The core part of the device is made of a 21 mm 
long and 50 µm high channel with lateral dimensions that linearly widen from 100 µm up to 2 mm. A magnet is 
placed close to the channel to create a uniformly oriented magnetic field and confine particles. As the magnetic field 
intensity decays along the channel, the magnetic field gradient generates a force towards the channel entrance that 
induces particles confinement. As the liquid flows through the bed, the hydrodynamic drag force compensates for the 
Magnetic force and leads to bed expansion and fluidization (see figure 1.b). 
 We investigated the hydrodynamic behaviour of the magnetic plug of 50 µg made of 2.8 µm beads by measuring 
the flow rate as a function of the pressure applied using a MAESFLO controller (Fluigent).  
 

 
 

 
Figure 1: (a) Schematic representation of the magnetic microfluidic fluidized bed device. (b) Variation of the plug 
length versus the flow rate with a schematic view of a packed bead of 2.8µm magnetic particles within PDMS chip in 
two different regimes (i) in absence of flow rate: compaction into a dense and static bed. (ii) Equilibrium state where 
each particle satisfies the condition �⃗�𝑚𝑎𝑔 ≈  �⃗�𝑑𝑟𝑎𝑔, the fluidized bed expands. 
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Figure 2 describes the evolution of the flow rate when increasing the applied pressure in the chip. Different 
hydrodynamic regimes can be distinguished: first, below a pressure threshold, there is no flow which could be 
measured, and secondly, above 90 mbar the pressure is sufficient to induce a drag force overcoming the magnetic 
one, causing an abrupt decrease of flow resistance by unpacking of the bed and a sudden jump of the flow rate (black 
curve). Recirculation flows are generated, causing a net particle influx in the centre of the channel and backflows 
close to the channel walls. After this initial “opening” of the plug, the pressure can be decreased down to 25 mbar, 
and a linear and reversible dependence of the flow versus pressure is obtained from 4 µl/min down to 0 (red curve). 
It parallels the behaviour of the empty channel, this behaviour is typical of fluidized bed. The geometry of the device 
was carefully optimized to favour uniform plug dynamics while maintaining a close to uniform beads density. 
 

 
Figure 2: (a) Variation of the flow rate versus the pressure for a magnetic plug of 50 µg of ∅ 2.8 µm beads (Dynal) 
(b) Plug pictures at different flow rates, each one corresponding to a sample processing step. 
 
This system was applied to heterogeneous magnetic immunoextraction of model compounds (Fluorescently-labeled 
IgG; Alexa fluo 488 Rabbit IgG antibodies) based on the interaction between antibody-coated beads and target 
antigens. The target IgG was first captured on particles in fluidized bed regime and subsequent to a washing step, 
IgG will be eluted by an acidic buffer (citrate buffer). An original approach is proposed to perform the elution step 
(“stop and go” elution): the microchip is first prefilled with 2 µL of the solution, and then the flow rate is set at 0 
µL/min (stop mode) during 10 min. During this period of time, the plug is maintained in packed-bed state. This stop 
flow step should allow to improve the elution as this gives more time to the dissociation to take place and should 
thus allow to get higher target recovery. It can also be expected that performing the elution in packed bed regime 
should limit the target dispersion and consequently improve the assay sensitivity. For an IgG sample at 100 ng/mL 
the signal to noise ratio achieved with this “stop an go” elution is 3.5 higher than the one obtained by conventional 
continuous elution (see Figure 3). A sequential elution was performed (four successive elutions) and as expected the 
band intensity of these sharp bands decreases as the number of elution step increases. 
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Figure 3: “stop and go” elution modes using citrate buffer pH 2 as eluting buffer. Direct fluorescence detection of 
labeled IgG released from the plug ([IgG] =100 ng/mL, injected volume 20 µL). “Stop and go” elution mode at flow 
rate of 0, 5µL/min: fractionated elution with four sequential elution steps. 
 
As shown in Figure 4, we could obtain a LOD below 1 ng/mL (≈ 6 pM), a sensitivity at least ten times lower than 
that achieved earlier configurations4. This approach provides an efficient and easy to use dynamic capture platform. 
In contrast with previous magnetic microfluidic systems, this device allows for a dense, fluidized and self-mixing 
steady-state bed, yield optimal fluid-particles interactions, capture capacity. It also offers the possibility to modulate 
the plug density by tuning the flow and the magnetic field. The current flow rate is a few hundred µL/h, but with 
suitable scale up of the chamber, it can be increased to several mL/h in order to capture trace elements from large 
volume samples.  
 

 
 
Figure 4: Direct fluorescence detection of labeled IgG released from the plug ([IgG] = 1 ng/mL, injected volume 200 
µL). “Stop and go” elution mode at flow rate of 0.5µL/min: fractionated elution with three sequential elution steps. 
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ABSTRACT 
    A simple and innovative photo-controlled micro-capillary system, capable of metal ion detection, accumulation 
and release, in continuous flow, has been realised through out the integration of the beneficial characteristics of both 
micro-fluidic platforms (micro-capillary) and photochromic dyes. This system involves the coating of the inner walls 
of fused-silica micro-capillaries with polymeric brushes based on spiropyran using the “grafting from” approach. 
Upon irradiation with UV light the passive spiropyran (SP) unit undergoes a heterocyclic ring cleavage that results in 
the merocyanine (MC) formation, molecular crane performance. In contrast to the uncharged and colourless 
spiropyran form, the MC is highly charged and can be used as ligand for other charged species. Based on the 
coordination-induced photochromism characteristic of the MC form, we show here, that our micro-capillary 
integrated system can be successfully used for the accumulation, optical detection and on demand release of different 
metal ions (Zn2+, Co2+, Cu2+, Ni2+, Cd2+) that are passing through the capillary in a continuous flow mode.  
 
KEYWORDS 
Spiropyran, metal ions, coatings, micro-capillary, continuous flow. 

 
INTRODUCTION 

The real-time analysis of metal ions is important for chemical monitoring as well as environmental and clinical 
applications, which are fast developing areas in micro-fluidic technology. Recently, great scientific effort have been 
focused on producing sensors that are capable of detecting metal ions in a fast and reversible manner. Building 
arrays of sensors composed of multiple ligands specific for the detection of each metal ion is difficult to realise and 
rather time-consuming. In this respect, a single material that is capable of binding multiple metal ions and give a 
unique spectral response to each metal ion-ligand complex would be preferred. Moreover, if the chelator itself could 
be switch between a passive and an active state, then very simple, reusable and cost-effective sensors could be 
developed. In this context, spiropyran (SP) derivatives have attracted a lot of attention. SPs are organic 
photochromic compounds that upon irradiation with UV or visible light, isomerise between the closed and open 
forms, in which the open form is comparatively more polar. Metal ions can influence this isomerisation process by 
associating with the open form through the electron-rich oxygen atom (Figure 1) - molecular crane performance. In 
contrast, visible light produces a high concentration of the closed form, and thus hinders metal-binding. The use of 
light to trigger the chelator offers unique opportunities as the binding/releasing process is now reversible and can be 
controlled externally in a non-invasive manner. 

A relatively new and promising approach of producing chemical sensor involves the integration of polymeric 
optical-sensing materials and fluidic functionalities at the micro-scale to leverage their combined advantages [1]. 
The micro-fluidic part, which in this case is represented by a micro-capillary, possesses many advantages as such 
reduced consumption of reagents and analytes, improved time efficiency in the analysis, shrinkage in the size and 
weight of the system, increased portability, and low cost in fabrication. By combining the advantages of the 
micro-capillary platform with SP-polymeric coatings, real-time and controllable detection of metal ions, 
photo-accumulation and on demand photo-release can be achieved. Moreover, the use of light to activate the 
molecular cranes offers unique opportunities that minimise waste generation and power requirements. 

 

 
Figure 1. Metal ion binding scheme related to SP-MC switching. 
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EXPERIMENTAL 
 

Fused silica micro-capillaries coating protocol 
The protocol used to coat micro-capillaries with spiropyran polymer brushes is described in Fig. 2, steps 1-4. Prior to 
functionalisation, the inner surface of fused-silica micro-capillaries was first activated with 7-octenyl trichlorosilane. 
The inner micro-capillary surface was quickly washed with acetone and water, then flushed with a solution of NaOH 
0.2 M for 30 min at a flow rate of 0.25 µL min-1 using a syringe pump, and then rinsed with deionised water. Next, 
the micro-capillary was flushed with a solution of HCl 0.2 M for 30 min at a flow rate of 0.25 µL min-1, rinsed with 
water, and with dry toluene. A 0.1 M solution of the silanisation agent (7-octenyl trichlorosilane) 0.1 M in dry 
toluene was pumped through the micro-capillaries for 90 min at a flow rate of 0.25 µL min-1 (Fig. 2 – step 1). The 
micro-capillaries were then washed with acetone, dried under nitrogen stream, and left at room temperature for 24h. 
Later, the micro-capillary was filled with a solution of Grubbs Catalyst Second Generation 0.02 M in degassed 
CH2Cl2, closed at both ends using rubber septa (this procedure was performed in the glove box due to the air 
sensitivity of the catalyst) and put in a water bath for 1h at 45 °C (Fig. 2 – step 2). After, the catalyst-attached 
micro-capillary was thoroughly washed with degassed CH2Cl2 in an inert atmosphere (glove box). Finally, the 
micro-capillary was filled with a solution of spiropyran-norbornene functionalised monomer, 0.5 M in degassed 
CH2Cl2 , closed at both ends using rubber septa, removed from the glove box and put in a water bath at 50 °C for 4 h 
(Fig. 2 – step 3). The polymerisation was quenched by passing ethyl vinyl ether into the micro-capillary (Fig. 2 – 
step 4). Finally the micro-capillary was thoroughly washed with acetone to remove any physisorbed materials. 

 

 
Figure 2. Functionalisation protocol of fused silica micro-capillaries with spiropyran based polymeric brushes. 

 
Optical characterisation of spiropyran coatings 
The optical switching of the spiropyran moiety inside the capillary has been studied using USB 4000 Fiber Optic 
Spectrometer – Ocean Optics, Inc, when the light source was a LS-1 tungsten halogen lamp (white light) obtained 
from Ocean Optics, Inc. A representation of the set-up used for absorbance measurements is described in Fig. 3. The 
solvent acetonitrile (ACN) and metal ions solutions in ACN were passed through the capillary at constant flow rate 
(0.5 µL min-1) using a syringe pump (PHD 2000 Syringe) purchased from Harvard Apparatus.  
 

2.2.4 Estimation of the molar extinction coefficient of the SP-M 
 

To estimate the molar extinction coefficient (!) of the SP-M in acetonitrile (ACN), 5 solutions of 
different concentration of SP-M (0.2 x 10-5, 0.4 x 10-5, 0.6 x 10-5, 0.8 x 10-5 and 10-4) were prepared. 
The solutions were irradiated with UV light for 90 seconds using an array of 9 UV LEDs (365 nm) and 
the spectra were recorded on a UV–Vis–NIR PerkinElmer Lambda 900 spectrometer. A plot of the 
Absorbance at !max (nm) versus concentration showed good linearity (R2 = 0.990). The molar 
extinction coefficient of SP-M was calculated based on the Lambert-Beer law (eq.1), where the path 
length, l, was 1 cm (the width of the quartz cuvette). 

2.2.5 Physical morphology characterisation of polymer brushes 
 

Spiropyran polymer brushes were imaged using scanning electron microscopy (SEM) performed on a 
Carl Zeiss EVOLS 15 system at an accelerating voltage of 4.27 kV. The micro-capillaries were cut 
using a SGT capillary column cutter with rotating diamond blade (SHORTIX, Nederland) to create a 
smooth cut of the capillary wall. Then they were placed in vertical position in a custom made metallic 
capillary holder that has holes of internal diameters equal to the external diameter of the micro-
capillary (375 "m). This set-up allows the micro-capillaries to be kept in vertical position. During the 
imaging process, the stage was tilted of an angle between 0 – 15° for better imaging of the inner wall of 
the micro-capillary.  

 
 

2.2.6 Optical characterisation of spiropyran coatings 
 

The UV irradiation source used to switch the spiropyran based coatings and the spiropyran monomer 
(SP-M) solution was an array of 9 UV LEDs placed at a distance of 1 cm from the spiropyran solution 
or the functionalised micro-capillaries, respectively. The LEDs have an emission wavelength peak at 
365 nm and an optical output power of 1.2 mW, supplied by Roithner Lasertechnik Austria. The white 
light irradiation source used for the switching of MC back to SP form (in both solutions and capillary 
coatings) was a DC-regulated light source supplied by Polytec, USA, and placed at a distance of 1 cm 
from the illuminated area. The maximum power output of the lamp is 150 W, and the intensity control 
of the light output was fixed at 50%. The optical switching of the spiropyran moiety inside the capillary 
has been studied using USB 4000 Fiber Optic Spectrometer – Ocean Optics, Inc, when the light source 
was a LS-1 tungsten halogen lamp (white light) obtained from Ocean Optics, Inc. A representation of 
the set-up used for absorbance measurements is described in Fig. 4. The solvent acetonitrile (ACN) 
was passed through the capillary at constant flow rate (0.5 µl/min) using a syringe pump (PHD 2000 
Syringe) purchased from Harvard Apparatus. All the absorbance spectra were smoothed using Origin 
Software (each initial spectra contained 3900 points; the smoothing was realised automatically using an 
average value for every 50 points). 

 
 

Fig. 4. !"#$%$&'(&)#$&*$)+,-&,*$.&('/&01*'/102"$&%$0*,/$%$2)*3&

 
 

Figure 3. Schematic of the set-up used for absorbance measurements of the micro-capillary coatings. 
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RESULTS AND DISCUSSION 
 
SP-polymer brushes modified micro-capillaries are capable of detecting different metal solutions when passing 
through the micro-capillary and this detection is based on changes in colour of the coating after irradiation with UV 
light (Figure 4A). The absorbance spectra of the coatings were recorded using the system described in Figure 3. As 
depicted from Figure 4B, upon irradiation with UV light, the different metal ions that are passed through the 
modified capillary in continuous flow will form complexes with the MC-coating that absorb at different wavelengths. 
When only the solvent, ACN, is passed through the modified micro-capillary, the irradiation of the capillary with 
UV light for 20 s, causes the formation of the ring-opened merocyanine (MC-coating), characterised by an intense 
absorption band at 563 nm. Upon complexation with Ni2+, Cd2+, Co2+, Zn2+ and Cu2+, the absorption band is shifted 
at lower wavelengths, which is metal-ion-dependent. The MC- Ni2+-MC, complex yields the smallest blue shift of 
only 29 nm (!max = 534 nm), but the MC-Cd2+-MC and MC-Co2+-MC complexes give blue shifts of 41 nm (!max = 
522 nm) and 55 nm (!max = 508 nm), respectively. The higher shifts are observed in the case of MC-Zn2+-MC and 
MC-Cu2+-MC complexes which present a !max = 489 nm and !max = 480 nm, respectively. Moreover, the sensing 
behaviour of the SP-polymer brushes micro-capillaries can be switched ON/OFF using light at appropriate 
wavelengths. After the metal ion binding process, which is manifested by a change in colour of the micro-capillary 
coating, the micro-capillary is irradiated with white light for 1 min, MC-polymer coating will go back to the closed 
SP-polymer coating form and the metal ion previously bound will be released. As a consequence, the micro-capillary 
goes back to colourless. This process is depicted in the case of Co2+ in Figure 5. 
 

 
Figure 4.Photos (A) and absorbance spectra (B) of the SP-polymeric brushes coated micro-capillary in the presence 
of different metal ions after irradiation with UV light (20 s).  
 

 
Figure 5. Photos of a section of a micro-capillary showing the binding and realising of Co2+.  

 
CONCLUSION 
In conclusion, a new, simple and innovative micro-capillary platform capable of metal ion detection, accumulation 
and release has been presented. The SP-polymer brushes functionalised micro-capillary acts as photonically 
controlled self-indicating system for metal ion detection that operates in continuous flow facilitating real-time 
measurements and fast analysis protocols. 
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ABSTRACT 

We describe simple and robust methods that can be used for microfabricating nanoporous materials as 
leakage-tight membranes in a microfluidic channel network. The methods consist of a common self-integration 
process and individual solidification processes such as solvent evaporation, UV-curing, and temperature treatment. 
We demonstrate that the fabricated membranes can be used for electrokinetic, nanofluidic pre-concentration of 
bio-samples such as proteins, cells, and nanobeads on either the anodic or cathodic side of the membranes. In 
addition, we not only compare the physicochemical properties of the membranes but also characterize 
biocompatibility and robustness of the membranes. The methods are versatile for many nanoporous precursor 
materials, and it is easy to control the location and dimension of the membranes. Hence, the methods developed in 
this work and the characterized properties of the membranes could be widely employed for further applications of 
nanoporous membranes in microfluidic systems.  
 
KEYWORDS 
Microfluidics, nanoporous membranes, electrokinetics, pre-concentration  

 
INTRODUCTION 

Nanoporous membranes integrated in a microfluidic channel network allow a wide range of bio-/chemical 
applications such as generating stable concentration gradients, identifying human genomic sequences, amplifying 
initial sample concentrations, and filtering charged ions or non-target molecules in a controllable manner [1, 2]. To 
date, many attempts were made to microfabricate various nanoporous materials in the microfluidic device but the 
methods developed seem to have some drawbacks. In this work, we describe a simple but robust method to 
microfabricate various nanoporous materials as microplugs in a microfluidic channel network and demonstrate that 
the proposed method can be utilized to electrokinetic, nanofluidic concentration of bio-samples such as proteins, 
cells and nanobeads in both the anodic and the cathodic side of the microchannels.  

 
EXPERIMENT 

Fig. 1 illustrates the microfluidic device that consists of a shallow channel connecting two deep microfluidic 
channels. When a solution containing nanoporous materials approaches to the channel junction along the shallow 
channel, it keeps flowing only along the shallow channel and does not enter the deep microfluidic channels because 
of surface tension as depicted in Fig. 1(B) [3]. As result, it is possible to selectively fill the shallow channel with 
various solutions that can be solidified by using light, evaporation or heat. This fabrication method is simple because 
the microplugs are self-integrated, free from fluid leakage because an additional solution is provided to make gaps 
tightly sealed during the solidification process, and applicable for various nanoporous materials. 

 

Cover glass

Electrode

Fabricated micro plug

(A) PDMS

Deep channel

a a’

Shallow channel

Capillary based fluid patterning

a a’

Precursor 
solution(B)

Cover glass

 
Figure 1. (A) Schematic representation of a microfluidic bio-sample concentrator that is integrated with nanoporous 
materials. (B) Capillary force-based filling of the precursor solution using a dual-depth microchannel network 
enables precise fabrication of the nanoporous materials in the microchannel. 

In this work, for instance, we fabricated four different kinds of the nanoporous microplug in the microchannel in 
order to pre-concentrate bio-samples at a desired side of the microchannel: Nafion, cation selective 
poly-hydrocyethyl methacrylate (HEMA), anion selective HEMA, and agarose gel. As shown in Fig. 2, each 
nanoporous material has different solidification mechanism and different physical and electrokinetic properties that 
are well summarized in Table 1. First, the Nafion precursor solution was introduced along the shallow channel (Fig. 
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Nafion
(Cation selective)

HEMA-AA
(Cation selective)

HEMA-DMAEMA
(Anion selective) Agarose (Neutral) 

Cured by solvent evaporation Cured by UV irradiation Cured by UV irradiation Cured by thermal energy  
release

(A) (B) (C) (D)

Figure 2. Microfabricated nanoporous microplugs in the shallow channel between two deep microfluidic channels. 
(A), (B), (C), and (D) show solidified Nafion, HEMA-AA, HEMA-DMAEMA, and agarose, respectively. 

2(A)) and then solidified by evaporating the solvents in the precursor solution on 95 °C hotplate for 10 min. Since 
the Nafion solution contacted air on the deep microchannel sides, the evaporation of the solvents initiated at the 
center of the junction and caused volume contraction of the solution during the solidification process. However, the 
contraction volume was replenished with extra solution in the shallow channel, resulting in the fabrication of a 
tight-sealed and robust Nafion membrane that causes no flow leakage during the electrokinetic pre-concentration of 
biomolecules. Second, poly-HEMA membranes were fabricated in the similar manner as the Nafion (Fig. 2 (B) and 
(C)). For a cation selective transport membrane (CSTM), the poly-HEMA was mixed with acrylic acid (AA) while 
for an anion selective transport membrane (ASTM) it was done with 2-(dimethylamino)-ethyl methacrylate 
(DMAEMA); the detailed mixing ratio and concentration are listed in Table 1. Lastly, agarose hydrogel (1.5 wt. %) 
was employed to form a hydrogel membrane that has relatively large pore sizes but no permselectivity. An agarose 
solution that was stored in a water bath at a constant temperature (65 °C) was introduced to the microfluidic device 
on a 55 °C hotplate so that the agarose solution was kept in a fluidic state for the entire period of the filling process. 
As soon as the device was removed from the hotplate to a work bench at room temperature (24 °C), the agarose 
solution was cooled down and then turned into a solidified hydrogel without any fluid leakage across the deep 
microchannels. We summarized physicochemical properties of the NPMs in Table 1.  

 

  Nafion HEMA-AA 
(CSP) 

HEMA-
DMAEMA 

(ASP) 
Agarose 

Composition 5% Nafion 
solution 

HEMA(5), 
AA(1),  

HEMA (5) 
DMAEMA (1) Agarose 1% 

Surface charge property Negative 
charge 

Negative 
charge 

Positive  
charge Neutral 

Nanopore size 2~5 nm 2~5 nm 2~5 nm 100 nm 

Solidification method Solvent 
evaporation Photo curing Photo curing Temperature 

based curing 
ICP ability    

Durability/Stability    

Tuning/Pre-treatment    

 
 

Table 1. Characterization of electrokinetic and physical properties of the nanoporous materials. 

As an application of the nanopores, we generated ion concentration polarization (ICP) phenomena to concentrate 
a protein using perm-selective nanopores such as Nafion and HEMA (Fig. 3). As the ICP (ion depletion) is induced 
in the anodic channel (left), a local electric field near the CSTMs has a stiff gradient due to the local conductance 
change such that the analyte solution makes an electrokinetic balance; the net mobility of the analyte becomes zero. 
Therefore, the negatively charged biomolecules are continuously delivered by the bulk electroosmosis flow (EOF) 
from the sample reservoirs and accumulated near the ion depletion region. The quantitative result in Fig. 3(C) shows 
that Nafion is better than other materials in terms of depletion areas (ICP strength). The self-integration methods for 
the NPMs in the microfluidic channel can be used a standardized microfluidic platform that can characterize and 
compare the electrokinetic properties of various membrane materials because it is possible to fabricate membranes 
with a same dimension. In order to expand on electrokinetic properties of the NPMs, we measured ion depletion 
areas that seem to be directly proportional to the cation transport flux through the membrane, which can be a good 
quantitative index to relatively compare the pre-concentration rate of the NPMs. As shown in Fig. 3(B), the Nafion 
membrane shows the largest depletion area, followed by the HEMA-AA while both the HEMA-DMAEMA and the 
agarose hydrogel membrane could not produce ion depletion areas under the same buffer concentration and electric 
field strength. 

In addition to perm-selective membranes, we fabricated non-perm-selective nanoporous membranes in the 
microchannel by using agarose hydrogel and used them to concentrate functionalized nanobeads and bacterial cells 
in the anodic side of the channel. Although the HEMA-DAMEMA membrane possesses a clogging and degradation 
problem with negatively charged analytes, the agarose hydrogel membrane seems very useful to concentrate 
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Figure 3. ICP based protein concentration and comparison of electrokinetic ion depletion areas. (A) ICP 
phenomenon produced in cathodic side of the permselective Nafion microplug enables concentration of proteins. (B) 
and (C) show comparisons of ion depletion areas (ICP strength) and protein concentration rates of various 
nanoporous materials 

bio-samples at the cathodic side because electrophoresis based pre-concentration of negatively charged bio-samples 
is possible as illustrated in Fig 4(A) and (B). That is, since both EOF and PDF are not allowed to penetrate through 
the agarose hydrogel membrane, the net mobility remains only electrophoresis.  
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Figure 4. Electrophoresis based concentration of bio-samples. (A) and (B) show concentration of nanobeads 
and bacteria cells in anodic side using a non-permselective microplug (agarose). (C) Quantitative results of the 
time-lapse microscopic images in (A) and (B). 

In summary, we developed a simple and novel method to fabricate microplugs/membranes in the microfluidic 
device using ion transport-tunable nanoporous materials and demonstrated that electrokinetic properties of the 
microplugs are very useful for pre-concentrating bio-samples at a desired location. Hence, it is believe that the 
method and characterized electrokinetic properties will be very useful in many micro total analysis systems. 
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ABSTRACT 

    This paper proposes to manipulate the thickness of the electro-double-layer (EDL) inside the 
anodic aluminum oxide (AAO) nanochannels as a virtual filter to select uni-ions for desalination through 
electrical static charges. Due to the electric static sieving effect at larger channel diameter (~100 nm), the 
power consumption is much less than those by tradition methods, such as reverse-osmosis (RO) and 
electrodialysis (ED) which need to function in much smaller nano pores or channels of 1 nm. This method 
has demonstrated the desalination rate at 55% and the pumping power consumption is estimated 0.2 kwh, 
which is decreased 1 order to that by RO method. 

 
KEYWORDS 
AAO, EDL, purification, seawater   
 
 
INTRODUCTION 

The Organization for Economic Co-operation and Development (OECD) has reported 0.35 billion people are 
currently suffering from water shortage [1][2]. And the U.S. Geological Survey [3] has found that 96.5% of water is 
in seas and oceans and 1.7% is in the ice caps, 1% in brackish water, and only 0.8% fresh water. So convert sea 
water to fresh water is important to solve the water shortage issue worldwide. There are about 26 countries that do 
not have sufficient pure water to agricultural irrigation and economic development. And about one billion people do 
not have safe water to drink [4].Tradition methods of desalination consume much power, such as RO and ED [5]. 
The RO process requires a large pressure to feedwater, forcing water through a membrane that restricting the salt 
ions. The ED process use electric current to attract the ions through perm-selective membranes. The other method is 
ion concentration polarization (ICP) [6]. It is an electrochemical transport phenomenon.  In this work we purpose to 
manipulate EDL overlap as virtual filter to remove cations or anions inside nanochannals. Because the channel’s 

pores are in hundreds nm range, thus the water flow resistance can be 4 orders of magnitudes smaller, so the power 
consumption for pumping water through the filters is much lower. The experiment results demonstrated a 55% 
reduction on solution concentration at 1.0V driving voltage for filters and and the pumping power consumption is 
estimated 0.2 kwh, which is decreased 1 order to that by RO method. 

 
EXPERIMENT 

The operation principle is shown in Fig.1. The surface of the nanochannel array of the nano desalinator was 
coated with a conductive metal layer and an insulation layer.  When high enough voltages applied on the nano 
channel wall, the thickness of the EDL will increase to overlap owning to the increment of the charge density on the 
channel wall [4].  Co-ion can thus be rejected from the nano desalinator due to electrostatic expelling while the 
counter-ion and water can go through. Fig.2 (a) shows the two chamber system for diffusion testing of the 
nano desalinator. 1M NaCl solution and pure water were loaded into the upper and lower chamber, 
respectively. Fig.2 (b) shows the setup of the water purification system by pumping salt water from the 
first chamber into second one through the nano desalinator. The generation-rate is about 3 c.c/min. 

The fabrication process of the nano desalinator is shown in Fig.3. First 50 nm Alumina by sputtering 
and then 10 nm HfO2 by atomic-layer-deposition (ALD) were deposited into AAO inner surface to 
construct uniform thin films inside the nanochannals without defects. 

The result of the diffusion test on the EDL nano desalinator for NaCl solution by the two chamber system is 
shown Fig.4. After 12 hours, the concentration of the lower chamber with 10nm and 20nm HfO2 raised to 25.25 mM 
and 22.23 mM, respectively, without voltage application. After the applications of +0.1V, +0.3V and +0.5V onto the 
desalinator membrane, the concentrations were reduced to 14.96 mM, 12.12 mM, and 8.98 mM, respectively. Due to 
the EDL overlap, the desalination rate reached 50%, which is close to the maximum desalination ability of this 
system for taking away all the co-ions. 
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Figure 1: The working principle for AAO ion filter. When adding positive voltage the on the electrodes, positive 
charge is induced on the surface and negative EDL will occur. By controlling the density of the induced charges, the 
EDL thickness can be further controlled for manipulating nanochannels 
 

 
 

Figure 2: (a) The Sea water purification testing system with a membrane pore size about 200nm and operated in. (b) 
the pumping system of purification test through the desalination membrane. 

 
 

 
Figure 3. The fabrication process of the desalination membrane which combines sputtering 50nm Al on AAO 
membrane with 200nm pore size and then followed by coating 10nm HfO2 by ALD technology. 
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When pump is employed for pumping salt water through the desalinator, higher voltage provide better 

desalination result, as shown in Fig.5, +0.5 v gives a best desalination result with a 36% desalination rate.  Table 1 

compares the power consumption by the nano desalinator and RO method, the results demonstrate a 6 times lower 

power consumption. 

 

 
Figure 4: (a) When adding +0.1V on the membrane surface, the surface will induce negative charge to form EDL 

overlap and the concentration is down from 25.25 mM to 14.96 mM.(b) When adding +0.5V on the membrane 

surface to form EDL overlap, the concentration is down from 22.23 mM to 8.97 mM. The desalination rate is about 

55%. 

 
figure 5: The 1M NaCl was pumped through 30nm HfO2 coated AAO membrane. The conductivity drops is due to the 

potential applied on the membrane to form EDL overlap. The desalination rate is about 36%. 
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ABSTRACT 

We developed a new biosensor device for environmental gas/liquid toxicity sensing, which utilizes the chemotaxis of mi-
crobial cells confined in a micro-aquarium.  The device has an isolated micro-aquarium to confine microbial cells separately 
from flowing gas/liquid in two bypass microchannels, and the molecules of the flowing gas/liquid permeate from the micro-
channels into the micro-aquarium through porous poly-dimethylsiloxane (PDMS) walls. We demonstrate that CO2-gas or 
ethanol liquid can be sensed by the device through the chemotaxis of Euglena gracilis.  Since Euglena cells in the device can 
be maintained for more than two weeks, our chemotaxis device is suitable for long-term toxicity monitoring of environ-
mental gases/liquids as well as for microbiological study on chemotactic reactions of motile microbes. 
 
KEYWORDS: Chemotaxis, Euglena gracilis, Micro-aquarium, Gas diffusion, PDMS, Toxicity monitoring 
 
INTRODUCTION 

Flagellated microbes have high potentials as intelligent� micro-agents, which can be used as transporters of micron-scale 
objects [1], as localized sensors for chemical substances, and even as mediators of information processing [2]. By utilizing 
the chemotaxis of flagellated microbes and achieving the long-term culture of the cells, a small and convenient sensors moni-
toring environmental gas/liquid would be realized, which can replace the mine canary or fish-movement monitoring system 
used for the same purposes.  Some devices of flow-mixing type or diffusion-separating type [3,4] have been developed to in-
vestigate the chemotaxis of Escherichia coli, however, even for the diffusion-separating type, the cells were injected in a 
small semi-closed chamber and not confined completely.  To achieve the precise measurement of chemotactic movements of 
microbes for a long period of weeks, the cells should be confined completely in a micro-aquarium. 

In this study, we developed a new type of chemotaxis device having an isolated micro-aquarium to confine the microbial 
cells and two separate flow microchannels to supply chemicals to the cells through the porous PDMS walls by permeation 
and diffusion.  The chemotactic movements of Euglena gracilis confined in the micro-aquarium were measured in situ quan-
titatively by counting two-dimensional (2D) traces in a video image [5].  We tested CO2 as a gas sample and diluted ethanol 
as a liquid sample. By flowing the gas/liquid in the bypass microchannels, Euglena cells exhibited clear negative (positive in 
some cases) chemotaxis.  
 
MATERIALS AND METHODS 

Figure 1 shows the design of the chemotaxis chips used in 
this study.  The micro-aquarium in the chip had 16 walls to 
prevent the circumferential movements of the microbes along 
the outer edges, constructing 16 compartments around a center 
circle.  The outer diameter of the compartments was 2.5 mm 
and the diameter of the center circle was 800 µm.  Two micro-
channels of 200-µm wide, one for sample and one for reference, 
were isolated from the micro-aquarium with a 150-µm thick 
wall. The chip was fabricated with the conventional PDMS 
molding technique, and the height of the micro-aquarium and 
microchannels was approximately 150 µm.  We confined 200-
300 cells of Euglena gracilis as the chemotactic microbe in the 
micro-aquarium. 

The chip was mounted on the stage of an optical micro-
scope (Olympus, IX51) to observe the chemotactic movement 
of Euglena cells through a video camera (Trinity, IUC-
200CK2) through 5x object lens.  The chip was illuminated by 
red light from bottom side and observed from top side [5].  The 
in situ measurement of Euglena cells was carried out by count-
ing the number of pixels in differential image (trace image) 
taken by the camera at each 1.3 s, which we call trace momen-

Figure 1: (a) PDMS chip with a micro-aquarium 
and two  microchannels. (b) Enlarged drawing of the 
micro-aquarium with 16 compartments. Bar = 1 mm.  
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tum (TM).  It should be noted that fluorescence-dying technique is not required for the observation, since the size of Euglena 
cell was large enough for conventional transmission observation and only the mobile cells were detected in the differential 
images.  

The sample/reference gas/liquid was put into the microchannels by syringe pumps with a speed of 3.0 mL/h for gases and 
0.2 mL/h for liquids.  The reference substance, air for CO2 and pure water for ethanol, was injected to the counter micro-
channel to eliminate unintentional artifacts.  Since a capillary tube of 1-m length was used to connect the syringes to the in-
put ports of the chip, a delay time of several ten seconds was expected.  The measure TM was obtained for the seven com-
partments close to the sample (reference) microchannel, and named Msam (Mref), resplectively. 
 
RESULTS AND DISCUSSION 

Figure 2a shows the temporal change of Euglena movements in the seven compartments of sample side and of reference 
side, observed when 100%-CO2 gas (air) was introduced in the sample (reference) channel for 20 min (3.0 mL/h).  The Eu-
glena movements in sample (reference) side were decreased (increased) 2-min after starting CO2 injection.  After 10-min of 
CO2 introduction, the Euglena movements in sample side was reduced to less than 10% of the original level, whereas that in 
reference side increased to 2.3 times higher than the original level, indicating that Euglena showed negative chemotaxis 
against CO2. The result also revealed that CO2 molecules flowing in bypass microchannel permeate through PDMS wall and 
dissolve into water in the micro-aquarium.  The escape movements of Euglena were more quick than the recovery as shown 
in Fig. 2a, probably because the ventilation of CO2 in the water in the micro-aquarium took much time compared to CO2 dis-
solution into the water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The Euglena movements observed at 10-min after the CO2 injection is given in Fig. 2b, where the most cells were swim-
ming in the reference side.  The increase/decrease unbalance in Fig. 2a was due to the evacuation of Euglena cells from the 
center circle to reference side (Fig. 2b). The strength of chemotactic reaction can be measured by chemotactic reaction ratio 
defined as (Mref - Msam)/(Mref + Msam), where Mref and Msam were Euglena movements for reference- and sample-side, 
respectively. The chemotactic reaction ratio in Fig. 2a reached approximately 0.94. 

When 2.0%-ethanol diluted in water was injected into the sample channel with pure water in the reference channel, a 
similar negative chemotaxis of Euglena was observed.  Figure 3 shows the distribution of Euglena cells obtained by integrat-
ing the traces of cells for circumferential direction for the trace images taken at 0 and 10 min after the injection of 2.0% 
ethanol.  The distribution was unbalanced to the reference side 10 min after the injection, revealing that the negative chemo-
taxis of Euglena to ethanol.  The occurrence of chemotaxis means that ethanol molecules permeated into the micro-aquarium 
through the PDMS wall, indicating that our chemotaxis device can be used for liquid samples with small molecules as well 
as gases samples. 

The dependence of the Euglena movements on gas/liquid concentration can be evaluated as the chemotactic reaction ratio, 
defined as the difference ratio of Euglena movements between sample and reference side.  The dependence obtained for CO2 
and ethanol is given in Fig.4, which shows that chemotactic threshold of Euglena in our device was less than 20% for CO2 
and less than 0.5% for ethanol. 

 Figure 2: (a) Temporal change of Euglena movements obtained by 100%-CO2 injection. (b) Trace image 
of Euglena cells for 1.3 s taken 10 min after CO2 injection started, with CO2 (air) gas flowing in the lower 

(upper) microchannel. Scale bar indicates 0.5 mm. 
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Separately, we succeeded in maintaining Euglena cells alive in the micro-aquarium for more than two weeks, which 

shows that a long-term toxicity monitoring will be realized through the chemotaxis of Euglena cells confined in our chemo-
taxis device.  The results obtained in this study clearly show that our chemotaxis device is suitable for long-term toxicity 
monitoring of environmental gases/liquids as well as for microbiological study on chemotactic reactions of motile microbes. 
 
CONCLUSION 

Gas/liquid toxicity sensing was demonstrated by using the chemotactic movements of Euglena cells confined in a small 
space of micro-aquarium.  Sample gas/liquid was supplied in one of two microchannels running aside of the micro-aquarium, 
and gas/liquid molecules permeate through PDMS wall into the micro-aquarium.  Because the cells are confined in the mi-
cro-aquarium completely, our device requires only a small amount of microbial cells for a long-term sensing.  We observed a  
large repulsive chemotaxis of Euglena to CO2 and ethanol, and measured the dependence of chemotactic response on CO2 
and ethanol concentration.  Our device with Euglena gracilis cells is promising for cytotoxicity sensing of environmental 
gases/liquids including volatile agrichemicals. 
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Figure 4: Chemotactic reaction ratio measured in 
our device for CO2 and ethanol, both representing the 

negative chemotaxis of Euglena. 

Figure 3: (a) Distribution of Euglena movements in-
tegrated for circumferential direction plotted for 0 and 

10 min after the injection of 2.0% ethanol. 
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ABSTRACT 

Pesticides play a key role in the high yields achieved in modern agricultural food production. Besides their 
positive effect on increasing productivity they are intentionally toxic, often towards non-target organisms and 
contaminated food products can have a serious impact on human and environmental health. This paper demonstrates 
the potential of a gold nanoparticle-based microfluidic sensor for in field detection of dithiocarbamate pesticides at 
remote locations. Combining the attractive optical properties of gold nanoparticles with on chip mixing and 
detection, using a simple digital camera, a detection limit of 16 µg L-1 for Ziram, a dithiocarbamate pesticide, was 
obtained. 
 
KEYWORDS 
Dithiocarbamate Detection, Gold Nanoparticle, Fluorescence, Environmental Monitoring. 

 
INTRODUCTION 
Dithiocarbamates (DTC) are a group of organo sulfur compounds, widely used in agriculture and some of the most 
frequently detected pesticides residues in plant products in the European Union and environmental contaminates 
near agricultural fields [1, 2]. They are suspected developmental neurotoxicins and have been associated to 
Parkinson’s disease developed by agricultural workers [3, 4]. Generally, DTCs are determined by acidic hydrolysis 
which involves the generation of gaseous carbon disulfide and the subsequent analysis with traditional 
chromatographic and UV or mass spectrometric detection methods, with limits of detection (LOD) ranging from low 
µg L-1 to mg L-1 levels [5]. Here, microfluidic sensors would offer a highly advantageous alternative with fast and 
low cost pesticide analysis options and the possibility to monitor food product quality and environmental 
contaminations at any step in the production chain.  
Gold Nanoparticles (AuNPs) are, due to their physico-chemical properties, an excellent mediator for new sensing 
applications. DTCs, as sulfur containing compounds, have a high affinity for gold. This property in combination with 
AuNP-based detection schemes and a microfluidic device would form a portable platform, ideal for pesticide 
screening at remote locations. In this report we demonstrate the detection of the DTC pesticide ziram using our 
recently reported AuNP-based method [6]. 

 
EXPERIMENT 

AuNPs were prepared by the Frens-Turkevitch method as described by Grabar et al. [7]. Briefly, in a round 
bottom flask equipped with a condenser, sodium citrate (38 mM, 1.5 mL) was added to a boiling solution of 
chlorauric acid (0.25 mM, 100 mL) under vigorous stirring. The addition of sodium citrate to the vortex of the 
solution causes a colour change from pale yellow to burgundy. The solution was heated under reflux for 10 min and 
stirred for an additional 15 min. The resulting AuNP solution was characterized by UV-Vis spectra with extinction 
coefficients provided by Haiss et al. [8]. AuNP probes were diluted with 5mM sodium tetraborate (2.5 mL AuNP 
solution to 2.5 mL sodium tetraborate) and further functionalized by adding 5 µL of 0.2 mM Rhodamine 6G (R6G) 
to the diluted AuNP probe and left to equilibrate for 2h. All chemicals were of analytical grade and were obtained 
from Sigma Aldrich (Saint Louis, MO, USA). The AuNP mediated ziram detection scheme is illustrated in Figure 1 
and based on the rapid “turn-on” fluorescence sensing [9]. 

In their unbound state, R6G molecules are highly fluorescent but when adsorbed onto the surface of AuNPs their 
fluorescence is quenched. Here, we take advantage of the high affinity of the sulfur containing DTC pesticides 
(Figure 1 (a)) to gold. Upon ziram addition to the R6G-AuNP probe, R6G molecules are released from the AuNP 
surface and their native fluorescence is restored providing a measure for the ziram concentration (Figure 1(b)).  

 

 
 

Figure 1. (a) Chemical structure of ziram (b) Gold nanoparticle detection scheme for ziram. Fluorescence of surface 
adsorbed R6G molecules is quenched but is recovered once they are displaced by ziram molecules. 
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The microfluidic network for the on-chip mixing and detection of ziram was made by laser ablation of 
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Midland, MI, USA) slabs. As shown in Figure 2, the 
flower shaped meandering channel allows mixing of three different solutions by diffusion. R6G fluorescence is 
detected at the end of the mixing channel in a 1.5 mm deep and 100 µm wide through hole that continues into the 
waste channel. The structured PDMS slab is laminated between two PDMS slabs containing inlet and outlet holes 
(Oxygen plasma bonding, 50 W, 13.56 MHz, 90 s). 

 
Figure 2. Illustration of the microfluidic chip. The 1.5 mm deep detection cell is located at the center of the flower 
shaped meandering channel (red dot) and the waste channel (dotted line) is located on the back side of the chip. The 
mixing channel has a Gaussian shape profile, width= 300 µm, depth= 100 µm. 

 
High precision syringe pumps (neMESYS, Cetoni GmbH, Korbussen, Germany) are used to establish a fluid 

flow with a total flow rate of 10 µL min-1. To allow on chip mixing of different pesticide concentrations, the flow 
rate for the AuNP probe was kept constant at 6 µL min-1 while the flow rates of water and ziram varied between 0 
and 4 µL min-1. Fluorescence was measured on an Olympus IX71 (Olympus Corporation, Tokyo, Japan) inverted 
microscope equipped with a Canon 550 D digital camera (Tokyo, Japan). Images were acquired with 3 s integration 
time and further analyzed with Matlab (MathWorks, Natick, MA, USA). 

 
RESULTS AND DISCUSSION 

The fluorescent “turn-on” approach of the described method is demonstrated in Figure 3, showing microfluidic 
cells filled with AuNP probe (23 nm at 0.03 nM). The AuNP adsorbed R6G molecules exhibit very weak 
fluorescence as shown in Figure 3(a) whereas the content of the cell in Figure 3(b) shows bright red fluorescence due 
to the addition of ziram to the AuNP probe and consequent release of R6G into solution. 

 

Figure 3. Microfluidic cells filled with (a) 23 nm R6G-AuNP probe, and (b) the R6G-AuNP with 100 µg L-1ziram. 
 
As shown in Figure 4 the fluorescence enhancement was proportional to the ziram concentration from 16 µg L-1 

to 150 µg L-1 with a LOD of 16 µg L-1 (calculated as 3 blank). Maximum residue levels (MRL) established by the 
European Commission for ziram range from 0.1 to 5 mg Kg-1 [10]. 
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Figure 4. On-chip detection of ziram using R6G-AuNP probes. R
2
=0.99(3) LOD=16µg L

-
.
1
Error bars shown for 

95% confidence level (<2% error) 

 

CONCLUSION 

These results demonstrate the great potential of AuNP based microfluidic sensors for rapid monitoring of DTC 

pesticides. The low LOD and wide detection range as well as the possibility to use small and low cost readout 

electronics such as a smartphone camera make this microfluidic device suitable for on field monitoring of pesticides. 

Coupled with an on-chip separation, several DTC pesticides could be detected. 
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ABSTRACT 
    Increased environmental exposure is an unavoidable consequence of the growing prevalence of nanomaterials, 
posing new and largely unknown risks to human health. A variety of detection methods allow nanoparticle 
concentrations to be sensitively measured offline, after sampling has already taken place. But few methods integrate 
both sampling and detection with sufficient throughput to perform continuous environmental monitoring of 
room-sized volumes. We describe a new approach that enables continuous environmental sampling of airborne 
nanoparticles with online detection and quantification of the collected species. Our method achieves orders of 
magnitude higher analytical throughput than is currently possible by uniquely combining the high flow rate sampling 
capability of wetted wall cyclone (WWC) collectors (up to > 1,000 L/min) with a microfluidic component that 
permits sensitive quantitative measurement of nanoparticle concentration. By coupling these components, we 
demonstrate detection of airborne ultrafine Al2O3 nanoparticles at environmental concentrations below 200 µg/m3 in 
air sampled at a 200 L/min, well within established toxicity limits.  
 
KEYWORDS 
Environmental monitoring, nanomaterials, detection.  

 
INTRODUCTION 

Efforts to assess safe environmental exposure limits for nanomaterials and establish correlations with potentially 
adverse health consequences critically depend on the ability to monitor the concentration of airborne nanomaterials. 
But the current generation of collection and monitoring technology is subject to limitations on throughput that do not 
permit continuous sampling of room-sized spaces, and analysis is performed offline using separate instrumentation. 
A key limitation of existing samplers is their ability to access only relatively low air inflow rates (below ~ 30 L/min), 
restricting analysis to small subsets of the total environment of interest. Rapid analysis is not achievable by these 
“personal samplers” because time resolution is constrained by the need to collect material over at least a full 
workday. Additional limitations emerge in terms of detection where a wide range of characterization tools are 
available but mostly involve methods are not readily adaptable for online use, often requiring a dedicated laboratory 
infrastructure. These issues suggest a need for integrated approaches capable of (1) continuously sampling large air 
volumes associated with a realistic workspace environment, and (2) performing real-time detection and analysis of 
nanoparticles in the sampled air.  

 
EXPERIMENT 

We have developed a new approach that overcomes these limitations by coupling the high flow rate air sampling 
capacity of a wetted wall cyclone (WWC) collector (hundreds to over 1,000 L/min) with a continuous-flow 
microfluidic component that provides online detection capability (Fig. 1a). The microfluidic approach harnesses the 
inherently steep chemical gradient established at the interface between co-flowing streams containing a 
nanoparticle-laden suspension and a fluorescent dye solution [1]. This sharp mismatch acts to localize adsorptive 
dye-nanoparticle complexation interactions within a narrow interfacial zone, instantaneously producing an intense 
and easily detectable fluorescence signature. WWC samplers operate by using an air blast atomizer to create a liquid 
spray that is directed through a rectangular inlet slot and into the cyclone body where the droplets impact on the 
cylindrical wall. The impacted liquid forms a film that interacts with the high velocity jet of environmental air drawn 
through the inlet and is transported along the wall to a skimmer. The liquid, containing the collected nanoparticles, is 
then aspirated by an external pump. The characteristic flow rate of this fluidic output from the WWC (0.04 – 0.2 
mL/min) closely matches the operating flow rate of the microfluidic detector, thereby introducing the possibility to 
enable continuous detection by directly coupling both components. A correlation can then be established between 
interfacial intensity and the quantity of suspended nanoparticles so that the corresponding airborne environmental 
concentration can be inferred (Fig. 1b).  

Microfluidic networks were constructed in poly(dimethyl siloxane) (PDMS) using standard soft lithography 
following a previously described procedure [1]. Nanoparticle suspensions were prepared by dispersing commercial 
nanomaterial powders in deionized water (Table 1) with an appropriate amount of stabilizing surfactant. Uniform 
dispersal was achieved by performing alternating cycles of 30 min sonication in an ultrasonic cleaner (Model 
3510DTH; Branson Ultrasonics Corp.) followed by 20 s of agitation using a digital vortex mixer (Cat. No. 
02215370; Fisher Scientific) for at least 3 h prior to each experiment. Standard test suspensions of Al2O3 (Fig. 3a) 
were prepared by dilution from a commercial suspension (NEI Corp., Somerset, NJ) to concentrations in the range of 
0.02 – 0.2 wt%. Aqueous fluorescent dye solutions were prepared in deionized water at concentrations selected to 
provide adequate fluorescence but remain below the solubility limit. 
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Figure 1. (a) Airborne environmental nanoparticles are collected and concentrated by a WWC, then co-injected into 
a microchannel in parallel with a tracer dye. A pronounced interfacial fluorescence signature emerges due to local 
dye-nanoparticle complexation between co-flowing streams in the microchannel. (b) The peak value in the lateral 

intensity profile is scaled with respect to baseline values in the nanoparticle and dye streams (INP and I0, 
respectively), yielding a normalized quantity that can be directly correlated with nanoparticle concentration. 
 
 

Table 1. Summary of nanomaterials employed in our experiments. 

Material Composition Particle size 
(nm) 

Density 
(g/cm3) 

Al2O3 15 wt% suspension (aq) (Fig. 3) < 100 4.0 
Al2O3 Powder (Fig. 2b) < 50 4.0 
TiO2 Powder < 25 3.9 
Fe2O3 Powder < 50 5.1 
CuO Powder 23-37 ~6.4 
SiO2 Powder 10-20 2.2-2.6 
ZnO Powder < 100 5.6 

 
The nanoparticle suspensions and tracer dyes were co-injected into the inlets of a y-shaped microchannel using a 

syringe pump (Model KDS-230, kd Scientific Inc.) at flow rates ranging from 0.002 to 0.2 mL/min. Fluorescence 
images were obtained several minutes after the flow was started to ensure that the flow reached steady state. Image 
acquisition was performed using using a Zeiss LSM 5 Pascal Confocal Scanning Microscope with a Zeiss 
Plan-Neofluar 10X/0.3 numerical aperture objective interfaced with Canon PowerShot 640 digital camera (4x zoom) 
and Zeiss LSM 5 software (Release 3.2) as described previously [1]. Imaging was performed along the midplane of 
the microchannel to minimize sidewall effects. 

 
RESULTS AND DISCUSSION 

A surfactant (e.g., 0.1 mg/mL Tween 20) is typically added to the WWC collection liquid to promote uniform 
particle dispersal in the liquid film and to enhance particle recovery with minimal foaming. We selected fluorescein 
dye for use in the microfluidic detection component to maintain compatibility with Tween 20 surfactant in the WWC 
collection liquid. We next examined interfacial fluorescence as a function of particle composition by co-injecting 
fluorescein dye into the microchannel in parallel with Tween 20-stabilized suspensions of Al2O3, TiO2, Fe2O3, CuO, 
SiO2, and ZnO nanoparticles (Fig. 2). Here the molar concentration of each material is held constant based on the 
formula weight of its constituent molecules. Fluorescence from Al2O3 displays a characteristic pattern of focused 
interfacial intensity accompanied by an adjacent depletion zone in the dye stream, consistent with previous 
observations [1]. Since the depletion zone enables interfacial fluorescence to be clearly isolated, we selected this 
formulation for subsequent analysis. Even greater fluorescence enhancements were observed with TiO2 and ZnO 
nanoparticles, suggesting the possibility to obtain more detailed characterization. 

We characterized interfacial fluorescence intensity as a function of nanoparticle concentration using serial 
dilutions of a standard test suspension of Al2O3 nanoparticles (Fig. 3a). An approximately linear-relationship is 
maintained at concentrations up to 1.0 and 1.2 wt% at a flow rates of 0.2 and 0.02 mL/min, respectively, with 
fluorescence becoming saturated at concentrations beyond these limits. Interfacial fluorescence is enhanced at 
slower flow rates, yielding a detection limit of ~ 0.02 wt% at 0.02 mL/min. Since the standard test suspension is 
primarily composed of sub-100 nm nanoparticles, this fluorescence signature is attributed to particles in the 
ultra-fine size range. 
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       a.            b. 

    
Figure 2. (a) Al2O3 nanoparticles (upper stream) exhibit intense interfacial fluorescence enhancement upon 

complexation with fluorescein (lower stream). This effect is governed by the rate of dye-nanoparticle complex 
formation relative to lateral dye diffusion. (b) Material dependence of the interfacial fluorescence between the 

nanoparticle suspension and tracer dye enables simultaneous online detection and speciation. Upper panels show 
images of co-flowing nanoparticle (left) and fluorescein (right) streams. Lower panels show the cross-sectional 

normalized intensity profile. The material-dependent nature of the interfacial fluorescence introduces the possibility 
of exploiting this phenomenon as a fingerprint to enable on-line speciation. 

 
To demonstrate potential for integrated sampling and detection, we used the low cutpoint WWC to collect Al2O3 

nanoparticles aerosolized from test suspensions and dispersed into an environmental chamber (Fig. 3b). Sampling 
was performed a 200 L/min air inflow rate. The WWC collection liquid containing the sampled nanoparticles 
suspended in 0.01% Tween 20 was then co-injected into the microchannel in parallel with a 0.033 mg/mL 
fluorescein solution. The fluorescence images display the same characteristic features observed in the standard test 
solutions, and an approximately linear relationship between intensity and nanoparticle concentration is maintained. 
We used a scanning mobility particle sizer (SMPS) and gravimetry to quantify the concentration and size 
distribution of aerosolized nanoparticles inside the environmental chamber, and correlate them with the interfacial 
fluorescence intensity observed in the microchannel detector. These results indicate that the microfluidic approach is 
capable of detecting Al2O3 nanoparticles in the ultra-fine size range (4 – 160 nm) at environmental concentrations 
below 200 µg/m3, in the vicinity of established toxicity limits. This microfluidically enabled approach offers a useful 
tool to establish detailed occupational exposure profiles not easily obtainable using current-generation personal 
sampling instruments.  

 
  a.     b. 

  
Figure 3. (a) Al2O3 concentration versus peak lateral intensity at dye nanoparticle interface in the microchannel 
detection component (mean particle size < 100 nm) (b) Correlation between interfacial fluorescence signal and 

environmental nanoparticle concentration in the sampled air using SMPS, indicating a detection limit below 200 
µg/m3. Al2O3 samples were collected by the low cutpoint WWC at 200 L/min. All suspensions are mixed with 0.1 

mg/mL Tween20 and co-injected in parallel with a 0.033 mg/mL fluorescein solution. 
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ABSTRACT 
    We describe an encoded polymer microtaggant patterned with Quick Response (QR) code that provides high 
capacity and error-correctable encoding for drug authentication. The QR-coded microtaggant is lithographically 
fabricated with a single exposure to patterned UV light in a microfluidic channel. Its advanced functions capable of 
high capacity and error correction enables not only authentication of the drug but also tracking its information such 
as manufacturer and expiry date, which are included in individual unit-of-dose form of drugs. A complete process of 
drug authentication from the formulation of the QR-coded microtaggant-equipped capsule to the decoding step using 
a QR code reader application on a smartphone is successfully demonstrated. 
 
KEYWORDS 
Anti-counterfeiting, Microtaggant, QR code, High capacity encoding, Error-correctable encoding.  

 
INTRODUCTION 

A microtaggant is a microscopic and traceable particle added to materials or products for authentication. The use 
of microtaggant is a powerful authentication method because the microscale physical identifiers in materials or unit 
product cannot be easily copied and replaced with counterfeits, while current packaging-oriented authentication such 
as printed marks and optical tags are suffering from imitations. The incorporation of microtaggants in an individual 
unit-of-dose drug has been introduced as a superior on-dose authentication (ODA) technology for the 
anti-counterfeiting of drugs.[1] By including in an individual tablet or capsule during the drug formulation process, 
they can be used for the authentication and identification of the drug.  

Storing information or data on the microtaggant is a crucial factor in providing the multi-functionality needed 
for the identification and track-and-trace monitoring of drugs as well as authentication. Recently, polymer 
microbeads and microfibers have been utilized as microtaggants with a conventional graphical code in the form of an 
one-dimensional (1D) barcode or letters to specify certain drug information.[2,3] However, the conventional code 
scheme on the microtaggant can only provide limited features for drug authentication. The data capacity may be 
insufficient for supporting a large amount of drug information related to the product (ingredients, expiration date), 
manufacture (date, batch and lot number), and distribution (distributors, wholesalers) because only short text strings 
or a simple barcode can be printed on the microtaggant surface. In addition, restoring data from damaged code by 
physical compression during the formulation process of drug tablet or capsule is impossible because the simple 
graphical encoding scheme of 1D barcode has no corresponding error correction algorithm. 

QR code is a 2D matrix code that contains 
information in vertical and horizontal directions, can 
hold greater volume of information than that of 1D 
barcode. In addition, it provides error correction 
feature that can restore data from a partially damaged 
code. These features of QR code are suitable for the 
encoding scheme on the microtaggant with a 
high-level authentication capability.  

In this paper, we propose a QR-coded 
microtaggant which can provide high capacity and 
error correction capability for drug authentication. 
(Fig. 1) QR-coded microtaggant is lithographically 
fabricated with a single exposure to patterned UV 
light in a microfluidic channel. Additionally, we 
investigate UV propagation characteristics in the 
fabrication process of the QR-coded microtaggant. 
High capacity, error correction feature and a complete 
process of drug authentication with the QR-coded 
microtaggant are successfully demonstrated. 

 
EXPERIMENT 

In order to produce QR-coded polymer microtaggant, we used optofluidic maskless lithography system (OFML) 
[4] composed of a microfluidic device and an a phtotolithography system. In the microfluidic channel, QR-coded 
microtaggants were fabricated by photopolymerization of polymer solution (poly(ethylene glycol) diacrylate, 
PEG-DA) through the single exposure of patterned UV light. Fluorescent acrylic monomer (methacryloxyethyl 

Figure 1. A conceptual illustration of QR-coded 
microtaggant in a drug capsule for authentication. High 
capacity and error-correctable 2D matrix QR code can 
store and restore a large amount of drug information. 
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thiocarbamoyl rhodamine B) was mixed with polymer solution to give vivid color clearly distinguished from 
background to the QR code pattern. (Fig. 2A) Intrinsically, QR code has island patterns to be separated from the 
body part when it is fabricated lithographically as free-floating form. (Fig. 2B) In our projection lithography system, 
the projected UV light pattern propagates along the vertical direction and spreads horizontally when the image plane 
is focused on the bottom of the channel. (Fig. 2C) This phenomenon results in a light overlap area far from the image 
plane.[5] The characteristic of UV light propagation inside a microfluidic channel was investigated with respect to 
the unit pattern width under the assumption of the objective lens that has a magnification of 10× and a numerical 
aperture of 0.3. Based on this investigation, we fabricated a microtaggant without the undesired escape of the island 
structure by adjusting the width of unit pattern and the height of the microfluidic channel. 

 
RESULTS AND DISCUSSION 

The data encoding capacity of QR code is essentially determined by its version, error correction level. Versions 
of QR code are available from 1 to 40 and a greater number implies a higher encoding capacity. The error correction 
level is selected with reference to the degree of data recovery required, because raising the error correction level 
decreases the data encoding capacity. Two different versions (7, 10) of QR-coded microtaggants were fabricated 
with the maximum error correction level. (Fig. 3A) Each version contains 93 and 174 characters respectively. We 
assumed that a data capacity greater than 93 characters (version 7) would be sufficient to store approximately 5 
items of drug information, such as the product name, manufacturer, date of production and expiration, and webpage 
links.  

Four types of error correction levels (L, M, Q, H) were available in the QR code. Each level could restore errors 
of up to 7%, 15%, 20%, and 30% in the data area, respectively. In order to investigate how the error correction 
capability of QR code provides damage resistance to the microtaggant, we intentionally damaged QR-coded 

Figure 2. (A) Fabrication of QR-coded microtaggants using OFML system based on projection lithography. (B) 
Island separation in free-floating form of microtaggant. (C) Simulation of patterned UV light propagation in a 
microfluidic channel. Light overlap between neighboring patterns connects the island structures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The advanced features of QR-coded microtaggant. (A) High capacity encoding on the QR-coded 
microtaggant. For QR code version 7 and 10, 93 and 174 characters are stored respectively. (B) Error correction 
capability. About 5% and 20% damage are restored without data loss in error correction level L and H respectively. 
(Scale bar: 50 µm) 
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microtaggants and read them. (Fig. 3B) At level L, code having less than 5% of the data area scratched was decoded, 
and approximately 20% damage to the data area was successfully restored at level H. The feature of data 
restorability following physical damage to the code could give microtaggants a powerful advantage, because of the 
high possibility of physical damage when they are incorporated in the capsule formulation process. 

To verify the applicability of QR-coded microtaggants to anti-counterfeiting of drug, we formulated a drug 
capsule with microtaggants encoding some drug information and demonstrated the authentication process. First, we 
opened the capsule and found the microtaggants using a microscope. (Fig. 4A) Then, we dissolved the drug powder 
in pure water, because it disturbed the recognition of the code. The washed microtaggant was observed under a 
fluorescence microscope and was decoded successfully by reading the microscope image using the QR code reader 
application of a smartphone. (Fig. 4B) The drug capsule was authenticated and the information about the drug was 
retrieved from the QR code on the microtaggant. Furthermore, because QR code is read by a smartphone, it is 
possible to retrieve more information by directly connecting to the webpages linked in QR code. 
 
CONCLUSION 

In conclusion, we proposed a functionally advanced microtaggant suitable for anti-counterfeiting of drugs by 
lithographically patterning 2D type QR code. QR-coded polymer microtaggant would expand functionality of 
microtaggants for advanced ODA method and could be widely used in as a highly powerful ODA method. 
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Figure 4. The complete drug authentication process. (A) The microtaggants in the capsule is founded by 
opening the capsule. After dissolving drug powder in water, (B) the code is read by a QR code reader 
application on a smartphone. The drug information such as product name, manufacturer and expiry date 
is retrieved for the code. (Scale bar: 50 µm) 
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ABSTRACT 
Enzymatic biofuel cells have attracted much attention for their potential to directly use biochemical energy 
sources in living organisms such as animals, fruits, etc. However, generally natural organisms have a skin, 
and the oxygen concentration in the organisms is lower than that of biofuels like sugars. Here, we fabricated a 
miniature assembly that consists of a needle bioanode for accessing biofuels in organisms through their skins 
and a gas-diffusion biocathode for utilizing abundant oxygen in air, for the first time. The performance of the 
biocathode was fourfold improved by optimizing its hydrophobicity. The assembled device with a needle an-
ode for fructose oxidation was inserted into a raw grape, producing a maximum power of 26.5 μW (115 μW 

cm-2) at 0.34 V. A light-emitting diode (LED) with the cell served as a self-powered indicator of the sugar 
level in the grape. Power generation from blood sugar was also investigated by inserting a needle anode for 
glucose oxidation into a blood vessel in a rabbit ear. Prior coating of the tip of the needle anode with an anti-
biofouling agent was effective to stabilize output power. 

KEYWORDS: miniature biofuel cell, power generation, bioelectrode 

INTRODUCTION 
An enzymatic biofuel cell is a type of fuel cell where enzymatic catalysts are used to convert the chemical energy of 

biological fuels into electricity, instead of the metallic catalysts commonly used in fuel cells. The high reaction selectivity 
of enzymes results in unique advantages, including the possible power generation from biofluids such as juices and 
bloods without purification. For example, Dong et al. have reported the straight energy-harvesting from natural fruit juic-
es. Furthermore, Mano et al. have demonstrated the direct power generation in a grape berry using a glucose oxidase 
(GOD)-modified fine anode and a bilirubin oxidase (BOD)-modified fine cathode; both are inserted into a peeled grape.  

In the present investigation, we attempt to develop a miniature insertion device for energy-harvesting from living or-
ganisms without any pretreatments [1]. Such device entails the following considerations. (1) Natural organisms are gener-
ally covered by a skin. (2) Oxygen in organism is limited to a lower concentration than sugars. (3) Biofluids contain reac-
tion inhibitors for cathodic enzymes, such as ascorbic acid and urate. (4) Blood will form a clot on the surface of inserts. 
In order to address these considerations, our present device has been designed as shown in Figure 1, which consists of a 
needle bioanode for oxidation of fructose 
or glucose inside living organisms (Figure 
1b), and a carbon paper-based gas-
diffusion biocathode for reduction of the 
abundant oxygen in the ambient air (Figure 
1c). This anode and cathode are assembled 
using an ion-conducting agarose hydrogel 
as the inner matrix. This novel structural 
design allows insertion into the organisms 
even through tough skins, and protects the 
cathode from reaction inhibitors present in 
the biofluids. 

 
Results and Discussion 
Performance of gas-diffusion biocathodes  

Figure 2a shows cyclic voltammograms of the gas-
diffusion cathode at 10 mV/s. The carbon paper-based bio-
cathodes were put on an oxygenic pH 7.0 buffer solution so as 
to contact with the solution by the BOD-modified face (thin 
solid plot). The reduction current density reaches -0.5 mA cm-

2 at 0 V, a value of which is twice that of a biocathode that 
was entirely immersed in the solution (broken plot). Such su-
perior performance of a gas-diffusion cathode originates in 
the efficient supply of oxygen from the ambient air through 
the carbon paper. The oxygen solubility in water is limited to 
~0.3 mM and its diffusion coefficient is also small (2 × 10-5 
cm2 s-1). In contrast, these values in air are orders of magni-

Fig. 1 (a) Biofuel cell structure. (b) needle bioanode. (c) gas-diffusion biocathode. 

Fig. 2 CV of O2 reduction at BOD/KB (sink- and diffusion-
type) and KB/BOD/KB (diffusion-type) electrode at 10 mV S-1. 
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tude larger, ca. 10 mM and 2 × 10-1 cm2 s-1. The performance of an O2-diffusion biocathode can be further improved by 
modifying the three-phase interface, consisting of the current collecting solid phase (enzyme-modified electrode), the 
electrolyte solution liquid phase, and the gas phase for oxygen supply. For example, an additional coating of hydrophobic 
KB onto the BOD-modified face of the biocathode was effective in controlling excess penetration of liquid, which led to 
the fourfold performance up to ca. -2 mA cm-2 at 0 V (bold plot in Fig. 2a).  This improved cathode will contribute to the 
miniaturization of the biofuel cell assembly as described later. Because the BOD enzyme shows activity over a wide pH 
range (pH 4 ~ pH 7), cathode performance of the same quality was observed even under acidic pH 5.0 conditions, as 
shown in Supplementary Figure S2. Therefore, the present O2-diffusion BOD cathode is applicable to experiments both 
of a grape with pH 5.0 gel and of a rabbit vein with pH 7.0 gel.  

Power generation from raw grapes  
A biofuel cell device for fruits was constructed using the O2-diffusion BOD cathode and the needle bioanode modi-

fied with FDH for fructose oxidation. These electrodes were mounted in a PDMS chamber filled with agarose hydrogel 
prepared with 750 mM McIlvaine buffer solution (pH 5.0). The device was inserted to a grape as shown in Figure 3a, and 
at first the performance of needle anode was evaluated using an externally inserted Ag/AgCl reference electrode (Figure 
3b). The needle anode without the side pore shows oxidation current density of 0.35 mA cm-2 (current: 20.1 μA , geomet-
ric electrode area: 0.057 cm2) at 0.6 V by oxidation of fructose that penetrated though the needle aperture. By opening the 
side pores, the anodic performance in a grape was enhanced up to 1.53 mA cm-2 (current: 87.6 μA) at 0.6 V. 

Figure 3c shows the cell performance using a raw grape at room temperature. The upper panel shows the cell voltage, 
the anode potential and the cathode potential as functions of the current density, while lower panel shows the cell power 
density. The device generated 111 μW/cm

-2 of electrical power (6.3 μW) with a current density of 442 μA/cm
-2 at 0.25 V 

(0.23 V anodic potential and 0.48 V cathodic potential vs. Ag/AgCl). The cell performance was strongly dependent on 
the concentration of the buffer in the agarose gel. For example, the device using 30 mM buffered gel produced only 39 
μW/cm

-2. Importantly, the total performance could be amplified by connecting an array of needle anodes in parallel; the 
device with the array of four needle anodes had a fourfold output power, ca. 26.5 μW (Figure 3d). 

As the final experiment using grapes, we demonstrate the possibility of monitoring sugar levels in the fruit. A FDH-
based needle biofuel cell was combined with an LED device consisting of a charge pump IC, a 1 μF ceramic capacitor 

and a red LED. As we reported previously [2], the blink interval of the LED is inversely proportional to the power of the 
biofuel cell, which is roughly proportional to the concentration of the biofuel. In practice, the LED blinks at a higher fre-
quency with an increase in the fructose concentration (Figure 3e), and the concentration of fructose within the grape was 
estimated to be roughly 20-40 mM. In fact, the power curve in the 35 mM fructose experimental solution was almost 
identical with that in the grape, as shown in Supplementary Figure S5. 

Fig. 3 (a) Photograph of the assembled biofuel cell inserted into a grape. (b) Cyclic voltammograms of FDH-modified needle 
anodes at 10 mV s-1 in a raw grape. Side-pores were drilled in the wall of the needle (pore area: 0.008, 0.032 and 0.048 cm2). (c) 
(upper panel) Polarization curve of the biofuel cell in the grape at room temperature. The cell voltage (●), the cathode potential vs. 
Ag/AgCl (■) and the anode potential vs. Ag/AgCl (▲) are plotted as function of the current density. (lower panel) Variation of the 
power density with the current density, normalized by the geometric area of anode. (d) Power output of the biofuel cell using sin-
gle anode and arrayed anodes (× 4). (e) Monitoring of sugar level in a raw grape with a self-powered fructose-sensing devices. The 
device consists of the biofuel cell and an LED system, whose blink interval is correlated with the fructose concentration. 
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Power generation from a rabbit ear vein  
Power generation from blood requires biocompatibility in order to prevent the formation of a blood clot on the elec-

trode surface. To make the electrode biocompatible, a coating with 2-methacryloyloxyethyl phosphoryl-choline (MPC)-
polymer is effective. In fact, as shown in Figure 4a, an MPC-treated substrate resisted blood clotting even after immersion 
in blood for 2 hours. Figure 4b shows cyclic voltammograms of the MPC-coated or uncoated GDH/PLL-NAD+/Dp/PLL-
VK3 needle anodes in PBS solution containing 10 mM glucose. Both reached to current density of 1.5 mA cm-2 (current: 
5.0 μA, geometric electrode area: 0.0032 cm

2) at 0.5 V with a CV shape corresponding to glucose oxidation at 
GDH/PLL-NAD+/Dp/PLL-VK3 electrode [3]. These results indicate that the MPC coating serves as a bioinert layer 
without significant disturbance for the glucose transport to the enzyme electrodes inside the needle.  

 By assembling this needle anode with the O2-diffusion BOD cathode, the fuel cell performance was evaluated by in-
serting it into a vein of a rabbit ear (Figure 4c). Figure 4d shows the typical current-voltage and current-power curves ob-
tained by changing the external resistance (10 kΩ~2 MΩ). The open-circuit voltage of the cell was 0.81 V, which is simi-
lar to the difference between the potentials at which glucose oxidation and oxygen reduction start to occur in cyclic 
voltammograms (0.55 V in Fig. 2a and -0.30 V in Fig. 4b, respectively). The performance of the anode is reflected in the 
maximum current density of the cell, 466 μA cm

-2
. The power density for this cell reached 130 μW cm

-2 at 0.56 V, while 
the device without a MPC coating showed ~40% loss in power. Since the MPC coating has no effect on the electrode 
process (Fig. 4b), the lowered performance would be due to the formation of blood clots. In fact, after the insertion exper-
iment, the formation of some biofilms were observed only on the needle anodes without the MPC coating. Probably, the 
blood clots would interfere the transport of glucose into the needle, while also the effects on the cell resistance and kinet-
ics are not improbable. 

CONCLUSION 
We assembled a biofuel cell with a needle anode and gas-diffusion cathode, as a practical form of cell for direct 

power generation from natural organisms with skins. The results presented here include techniques to improve the per-
formance of the devices. (1) A gas-diffusion cathode treated to be hydrophobic showed higher activity. (2) Incorporating 
side-pores into the needles effectively enhanced the supply of biofluids to the inner anodes. (3) Modification of the needle 
tip with MPC polymer was required to obtain comparatively stable power from bloods. We also demonstrated that an ar-
ray of needle anodes led to an increase in the output power (Fig. 3d). In the near future, a finer array of microscopic nee-
dle anodes will be fabricated by advanced micro-/nano-techniques for realizing a minimally-invasive patchable biofuel 
cell system. 
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tion for prolonging the net lifetime of a miniature biofuel cell stack.” Lab. chip, 10(19), 2574-8 (2010).  
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Fig. 4 (a) Photographs of electrode substrates with (and without) a MPC-coating, taken after soaking in withdrawn blood for 2 
hours. (b) Cyclic voltammograms of bare and MPC-coated needle bioanodes at 10 mV s-1 in phosphate buffer containing 10 mM glu-
cose. The control experiment (glucose-free) is also shown. (c) Photographs of the assembled biofuel cell for power generation from a 
rabbit vein. (d) Performance of the biofuel cells using a needle anode, with and without MPC-coating, taken by inserting the needle 
anodes into a rabbit vein. The current density and power density were estimated by geometric area of anode.   
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ABSTRACT 

This study demonstrates two microfluidic microbial fuel cells (μMFCs) for rapid screening of electroactive 

microorganisms. The μMFCs with Y-shaped channel determined the electroactivity by measuring the open 
circuit voltage (OCV) generated from different anolytes and the results indicate that electroactivity of 
microbes contributed 40 mV while the composition difference between streams contributed 70 mV. The 
second type of μMFCs applied conductive particles as carriers of microbes to perform long-term examination. 
Microparticles loaded with microbes generated much higher OCV than unloaded microparticles in a 6-hr test, 
showing that conductive microparticles have great potential in serving as anode in μMFCs. 

 
KEYWORDS 
Microfluidic microbial fuel cell, Electroactive microorganisms. Rapid detection, membraneless 
 
INTRODUCTION 

MFC is a device which uses biological materials such as microorganisms and enzymes as catalysts to 
generate electricity. Conventional macroscale MFCs are consisted of complex components and take days to 
identify the electroactivity of interested microorganisms [1]. Furthermore, the requirement of proton exchange 
membrane (PEM) may raise issues of high cost and easy fouling. μMFCs have high surface to volume ratio, 
which enables their greatly higher energy densities than their macroscale counterparts. Therefore, they have 
higher sensitivity in electroacivity and are ideal for the screening of electroactive microorganisms. However, 
existing μMFCs require similar setups to macroscale ones or relatively complicated processes to fabricate 
electrodes with high efficiency and biocompatibility [2]. Therefore, we propose μMFCs with simple structure 

and straightforward fabrication to resolve the abovementioned issues. Moreover, the proposed μMFCs are easy 
to operate and low-cost, making them equally ideal to serve as small-scale power sources for portable 
electronics and implantable devices [3].

 
EXPERIMENT 

The channels for both μMFCs were fabricated by standard soft lithography [4]. Microelectrodes were 
formed by E-beam evaporator and wet etching. All reagents were infused into the device by syringe pumps. 
The mixed culture microorganisms were obtained from the seacoast of Taiwan and have been proven to have 
electroactivity in a lab-scale H-type MFC. In Y-shaped μMFC, catholyte was phosphate buffer prepared by 
adding 1.0712 g K2HPO4 and 1.0712 g KH2PO4 into 1L of deionized water and anolyte was either fresh 
medium, inactive microbes, or active microbes. Microbes were rendered inactive by autoclaving at 120 oC for 
30 min. The conductive microparticles were composed of poly Diallyldimethylammonium chloride 
(pDADMAC). The batch operation was performed by collecting the microparticles in a 250 μl centrifuge tube 
and 200 μl of fresh medium was infused into the tube. Two platinum electrodes were inserted in the sediment 
and supernatant, respectively, to measure the open circuit voltage. 

The Y-shaped μMFC, which is similar to microfluidic chemical fuel cells, with two inlets for buffer 
(catholyte) and microbial solution (anolyte) is shown in Figure 1. Due to the merit of laminar flow in 
microchannel; the μMFC has well separated catholytic and anolytic streams without applying PEM. Two 
L-shaped gold films without modification lied at the edge of the channel to serve as electrodes. Figure 2 shows 
the open circuit voltage (OCV) obtained from Y-shaped μMFCs with different anolytes, including active 
microbes, inactive microbes, and medium. The OCV produced by active microorganisms was higher than 
others. Open circuit voltages from the Y-shaped μMFC were mainly produced from two sources: the 
electroactivity of microbes in the anolyte and the differences of contents between the two streams. In this study, 
the electroactivity of microbes contributed about 40 mV (the difference between active and inactive microbes) 
and other anolytic contents such as metabolic products contributed about 70 mV (the difference between 
inactive microbes and fresh medium). The dead time (time required for the voltage to reach steady state) for 
the detection was shorter than 10 minutes. Although the Y-shaped μMFC successfully identified the 
electroactivity of active microorganism, its accuracy was susceptible to impurities in the anolyte (inactive 
microbes also produced higher OCV than medium). Therefore, this device is more suitable for analyzing 
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samples with known ingredients. 
In order to reduce the effects of impurity on the detection accuracy, an innovative μMFC is designed to 

monitor the electricity generation from microorganisms encapsulated in microparticles made of conductive 
polymers (Fig. 3). Microdroplets containing monomers and photo-initiator were generated at the T-junction 
(Fig. 4a) and transported to the downstream for UV exposure (texposure=7 sec, Fig. 4b) to form microparticles 
(Fig. 4 c and d). We first examine the electricity generated from these particles using a batch-type operation. 
Fig. 5(b)shows the time course of OCV generated by conductive particles containing microbes. Microparticles 
containing microbes generated 8 mV in the first hour and the OCV gradually decreased to 0 mV in 6 hours, 
indicating the depletion of substrate. Particles without microbes had relatively stable OCV around 1 mV 
throughout the operation except for the first 10 min. These results show that the conductive microparticles 
were suitable for serving as the carrier of microbes for electricity generation. We are currently working on 
integrating the particle generation and continuous-type μMFC in series. After microparticles were generated, 

they would then be packed in an enlarged section to perform electroactivity detections. Fresh medium is 
infused constantly into this tubular packed bed μMFC and electroactivity is determined by the increase of 
electricity along cultivation time. The change of OCV depends on the microbe population/status instead of the 
difference between cathode and anode; therefore, it can truly reflect the electroactivity of tested 
microorganisms. Furthermore, conductive microparticles provide enormous surface area for electron transfer 
and hopefully the internal resistance can be reduced greatly. 

 

 

Figure 1. The schematics of Y-shaped μMFC. Two 
inlets infused buffer solution and microbial solution, 
separately, to form laminar flows. The OCV is 
monitored by a multi-meter connected to gold 
microelectrodes. 
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Figure 2. The OCV generated by active microbes, 

inactive microbes and medium. 
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   Figure 3. The schematics of integrated microparticle fabrication and tubular packed bed μMFC. 
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Figure 4. The generation of microdroplets and microparticles. (a), (b), and (c) were taken at positions A, B, 

and C, respectively, in Figure 3. (a) formation of droplets at T-junction. (b) exposure under UV-light in channel 

turn no. 30 to 35. (c) microparticles at the exit of the fabrication section. (d) the swelled microparticles in the 

medium. 

 

 
 

 
Figure 5. (a)The setup for batch-type operation. (b)The time course of open circuit voltage generated by 

conductive particles in a batch-type operation.  
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ABSTRACT 

A rock-based 2.5D artificial porous media micromodel was designed in 13 layers using depth averaging and 
computational fluid dynamics (CFD), which confirmed accurate in-plane velocity distributions while exhibiting 
moderate out-of-plane velocity distributions, and provided realistic pore geometry. The rock-based micromodel was 
microfabricated in polymethylmethacrylate (PMMA) using hot embossing, and used for nanoparticle flow 
experiment, showing that flow patterns from the PMMA micromodel were similar to those from the designed 
micromodel. The 2.5D micromodel presented herein will provide insight into factors that are contributing to 
transport versus retention of the particles. 
 
KEYWORDS 
Artificial porous media, 2.5D rock-based micromodel, depth averaging, computational fluid dynamics (CFD), 
polymethylmethacrylate (PMMA). 
 
INTRODUCTION 

Physical micromodels have been widely used to study fluid behaviors in artificial porous media including the 
effect of surface properties to multiphase transport [1], flow visualization of waterflooding for oil-recovery [2], and 
water-oil displacement at microscale pores [3]. Most micromodels fabricated by lithography techniques for pore 
network generation are restricted to 2D patterns with limited out-of-plane velocity distributions. Varying pore depths 
in a polymer microfluidic micromodel were demonstrated for the study of nanoparticle flow visualization, which 
enabled the generation of a 2.5D pore network with random bifurcation and recombination geometries and 
cross-sections [4]. 

This paper reports design optimization of 2.5D micromodels with varying floor elevation for rock-based artificial 
porous media using depth averaging and computational fluid dynamics (CFD) from Boise sandstone images to 
closely represent fluid pathways of real rock samples. The optimized design of the 2.5D micromodel was 
microfabricated using micromilling of a brass mold insert and hot embossing in polymethylmethacrylate (PMMA). 
Flow visualization with fluorescent nanoparticles was carried out to compare the flow patterns between the 
optimized micromodel and the PMMA micromodel. 

 
DESIGN OPTIMIZATION 

A core sample of Boise sandstone (2.5 x 2.5 x 3.8 mm3 section) was scanned by X-ray microtomography, a 
noninvasive imaging technique, at 5.07 microns/pixel to generate a 3D 500 x 500 x 750 voxel image. A footprint of a 
2.03 x 2.03 x 2.03 mm3 section (400 x 400 x 400 voxel image, 5.07 µm/voxel) was extracted to obtain a 3D cut out 
with multiple stacks of 2D slices (Fig. 1(a)), with permeability of 2 darcys and porosity of 0.2. A subset of slices was 
used to create a thin section of the image (Fig. 1(b)), which was then processed by depth averaging, projecting the 
solid voxels to the bottom and moving the void (pore) voxels to the top, which resulted in depth-averaged void 
structures (Figs. 1(c) and (d)).  

Optimization of the depth-averaged structures was carried out by comparing dynamic flow parameters in CFD 
(velocities and permeability obtained from an in-house Stokes flow simulators) between the original 3-D rock and 
the depth-averaged micromodels using either the sum of squares error (SSE) for velocities or the absolute fraction 
error for permeability (Table 1). The distribution for the selected depth average, 23-voxels, showed good agreement 
in both in-plane velocity distributions (x in the direction of fluid flow and y in the orthogonal direction). Even 
though the vertical velocity profile in the z-direction did not show good agreement with the true 3D rock structure, it 
confirmed the velocity generation in the third dimension of the depth-averaged structure. The best permeability 
match occurred at the 27-voxel depth average. 

 

                
            (a)                    (b)                     (c)                    (d) 

Figure 1. Visualization of the depth averaging process: (a) the extracted image (permeability: 2 darcys, porosity: 
0.2) from the X-ray microtomography prior to manipulation, (b) the cut out image prior to depth averaging, and the 

depth-averaged micromodel from (c) below and (d) above. 
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Table 1. Summary of velocity distributions and permeability for depth averaged 2.5D micromodels. 

Depth Velocity data Permeability 

No. of 

voxel 
µm SSE-X SSE-Y SSE-Z 

Fraction 

Error 

7 35.5 0.2794 0.3122 0.3694 1.000 

11 55.8 0.0619 0.0344 0.0990 0.946 

15 76.0 0.0132 0.0080 0.0762 0.803 

19 96.3 0.0073 0.0055 0.0693 0.642 

23 116.6 0.0009 0.0013 0.0635 0.404 

27 136.9 0.0046 0.0002 0.0359 0.136 

31 157.2 0.0022 0.0015 0.0587 0.247 

35 177.5 0.0029 0.0023 0.0568 0.542 

 

                
            (a)                    (b)                     (c)                    (d) 

Figure 2. Images of (a) a high-resolution micromodel (permeability: 0.9 darcys, porosity: 0.24) and (b) the 

corresponding velocity distribution; (c) a low-resolution micromodel (permeability: 1.43 darcys, porosity: 0.2, 13 

layers, each layer of 10 µm) and (d) the corresponding velocity distributions (flow direction: bottom to top). 

 

From the comparison of dynamic flow parameters with an emphasis on the in-plane velocity distributions, the 

optimum design of the 2.5D micromodel at a resolution of 5.07 µm/pixel was set to 23-voxels (a high-resolution 

micromodel, Fig. 2(a)) with permeability of 0.9 darcys and porosity of 0.24, and the corresponding velocity profiles 

were obtained from the Stokes flow simulator (Fig. 2(b)). Due to limitation of our current micromilling system, 

including a minimum milling bit size of 25 µm and a maximum achievable micromilling aspect ratio of 2, the 

resolution of the optimized design was lowered by averaging 5x5x2 voxels (or 25x25x10 µm sections) into one unit, 

and flow simulations were carried out to compare the velocity profiles between the high-resolution micromodel and 

micromodels with lowered resolution. A final depth of 130 µm (permeability of 1.43 darcys and porosity of 0.2), 

composed of 13 layers (Fig. 2(c)), showed nearly identical velocity profiles (Fig. 2(d)) to those of the high-resolution 

micromodel, and selected for microfabrication. 

 

MICROFABRICATION AND FLOW VISUALIZATION 

The final low-resolution micromodel was used in AutoCAD to add the inlet and exit regions, pressure 

measurement ports, and fluidic distribution channels with 13 distinct layers (Figs. 3 (a) and (b)). The low-resolution 

micromodel design was fabricated by micromilling (KERN MMP-2522, KERN Micro Feinwerktechnik GmbH, 

Eschenlohe, Germany) of a brass mold insert (Fig. 3(c)) using 25 and 50 µm diameter milling bits, and by hot 

embossing in 2.5 mm thick PMMA sheets (Fig. 3(d)) using a commercially-available hot embossing machine 

(HEX02, Jenoptik Mikrotechnik, Jena, Germany). A molding force of ~24 kN was applied to the polymer part for 5 

minutes at a mold temperature of 172 
o
C with a de-molding temperature of 110 

o
C. Scanning electron microscopy 

(SEM) inspection showed high quality, 13 distinct layers in both the brass mold and the PMMA micromodel. The 

characterization of the depth profiles was carried out by a non-contact optical profilometer (Nanovea ST400, Micro 

Photonics Inc., Allentown, PA, USA) and it confirmed the integrity of structural layers with small standard variation 

(Table 2). The departure from design dimensions was as small as 2.3 μm for the deepest layer. Once cleaning of hot 

embossed PMMA micromodel devices and generating fluidic through-holes (1 mm diameter) were done, the device 

was sealed with a thin PMMA sheet (250 μm thick) through thermal fusion bonding (TFB). 

After thermal bonding, several 2.5D PMMA micromodels were fitted with inlet and exit port fittings for fluidic 

interconnects using nanoport assemblies (N-333, Upchurch Scientific, Oak Harbor, CA, USA). The optimized 

bubble removal protocol [4] was applied to remove bubbles and to fill the PMMA micromodel with water by pulling 

water from inlet to outlet using a 30 mL syringe for ~30 min and then pushing water from inlet to outlet by the same 

syringe at 10 μL/min for ~6 hrs using a syringe pump. Flow visualization were carried out by injecting fluorescent 

nanoparticles (0.86 μm size, ~4.6 x 10
8
 particles/mL, neutrally buoyant polystyrene particles impregnated with a red 

fluorescent dye (R900), Duke Scientific Inc., Palo Alto, CA, USA) as tracers at a flow rate of 5 µL/min. Similar flow 

behavior was observed between the low-resolution micromodel and the PMMA micromodel (Figs. 2(d) and 4). 
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      (a)                 (b)                        (c)                          (d) 

Figure 3. Schematic views of (a) a designed micromodel and (b) close-up of 13 distinct layers; SEM images of (c) a 

brass mold and (c) a PMMA micromodel. 

  

Table 2. Summary of depth profiles for the fabricated PMMA micromodel. 

Layer Design (m) Fabrication (m) Layer Design (m) Fabrication (m) 

Layer0 130 132.3 ± 1.5 Layer7 60 58.8 ± 1.2 

Layer1 120 118.3 ± 1.2 Layer8 50 50.7 ± 0.7 

Layer2 110 110.0 ± 1.7 Layer9 40 39.9 ± 0.3 

Layer3 100 99.1 ± 0.4 Layer10 30 30.7 ± 0.3 

Layer4 90 90.1 ± 0.8 Layer11 20 21.1 ± 0.3 

Layer5 80 80.9 ± 2.5 Layer12 10 10.8 ± 0.7 

Layer6 70 69.7 ± 0.4 Layer13 0 0.8 ± 0.8 

 

           
                               (a)                           (b) 

Figure 4. Images of nanoparticle flows at 4X objective lens: (a) 2 min and (b) 40 min after particle injection (flow 

direction: bottom to top). 

 

CONCLUSIONS 

The design of a 2.5D physical micromodel for rock-based artificial porous media was optimized using depth 

averaging and CFD, and the optimized design of the 2.5D micromodel was microfabricated in PMMA using hot 

embossing. The PMMA micromodel was used for nanoparticle flow experiment, confirming similar flow patterns 

between the optimized micromodel and the PMMA micromodel. Further fluidic characterization will allow better 

understanding of the nanoparticle transport, and ultimately establishing quantitative relationships between observed 

flow behaviors of nanoparticles to relevant reservoir properties of real porous media materials for oil and gas recovery.  
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ABSTRACT 

The traditional method for recording electrophysiological signals from the C. elegans pharynx is called an electropha-
ryngeogram (EPG). It provides an experimental platform for defining gene function, the impact of genetic mutations, and 
the effects of drugs on the nematode neural network. To date, the EPG has been a low-throughput assay. This paper de-
scribes a new microfluidic device that can sequentially trap worms and capture EPG activity combined with the capabil-
ity to apply drug solutions. With the integration of micro-valves and embedded electrodes, we are developing a new tool 
for consistent, high-quality and high-throughput neurogenetic and neuropharmacological analysis of nematodes. 
 
KEYWORDS: Microfluidic, C. elegans, Electropharyngeogram, High-throughput, Drug application 

 
INTRODUCTION 

The nematode C. elegans is a model organism widely used to study the development and function of the nervous sys-
tem. It is the first multicellular organism to have its genome fully sequenced and neurons mapped.[1] The pharyngeal cir-
cuit of the worm is regulated by a microcircuit of 20 neurons and the activity of this network can be recorded by placing 
an extracellular recording electrode over the nose of the worm. This technique, called the electropharyngeogram, or EPG, 
is analogous to a human electrocardiogram (ECG) in that the shape of the waveform and the frequency of activity are de-
pendent on a repertoire of ion channels and neurotransmitter receptors.  

To date, the EPG has been a low-throughput assay, as each recording requires a stand-alone experiment in which a 
single glass microelectrode is used to make the recording. Microfluidics can provide a platform for processing hundreds 
of worms in high-throughput fashion and has been used for analyzing C. elegans for several years.[2] A microfluidic de-
vice for EPG measurement of the C. elegans has been recently demonstrated.[3] The device has eight parallel trapping 
channels and each channel has two side-arm channels on both sides for drug delivery. It collects individual electrophysio-
logical recordings from up to eight worms using eternal recording electrodes. We also designed and fabricated a micro-
fluidic chip to perform high-throughput EPG on whole worms. It is distinct from the earlier design [3] as it resolves dis-
crete neural components of the EPG signal and thus has improved power for screening for neuroactive drugs and neural 
phenotypes. This chip is a combination of two PDMS layers (flow and control) with embedded platinum electrodes for 
electrical recording.  The chip is capable of trapping worms, delivering drug and collecting whole worm EPG recordings. 
The integration of a fluid control layer and embedded electrodes simplifies the manipulation and increases the stability 
and resolution of the electrical recordings. This makes it possible to analyze a large number of worms sequentially in one 
chip. The chip has an unloading channel allowing the worm to be released unharmed for propagation, an important con-
sideration for genetic screens, and additional the chip can be reused. With precise control of the micro-valves, we can se-
quentially trap the worm, deliver drugs, and obtain EPG recordings in an easy high-throughput fashion. 

 
 

EXPERIMENTAL 
In conventional EPG experiments, the worm’s head is sucked into a glass capillary with a tip diameter of 12-15 µm. 

Two isolated electrical compartments are created by the seal between the capillary and the cuticle of the worm. With 
pharyngeal pumping, current transients are recorded by an amplifier.[4] A microfluidic device for EPG recoding must 
mimic the orifice of the glass capillary and provide a tight electrical seal around the worm’s head. This was mimicked 
using a soft semi-circular PDMS channel as shown in figure 1. Several bypass channels were added into this layer to al-
low delivery of a worm and drugs. In order to maximise the orientation of the worm in the device, several posts were fab-
ricated at the inlet port. This directs the worm into the trap with head to tail orientation in a ratio of 71%.[5] The control 
layer was coupled to pneumatic micro-valves, located underneath the flow layer to control the bypass channels. The con-
trol layer is made of softer PDMS to give a more elastic trapping channel, which provides a tight seal around the worm. 
Microfabricated platinum electrodes are embedded under the control channel on both side of the trap (Fig. 1A).  For EPG 
recording, the worm flows from the inlet port and is pushed into the trap under a constant positive pressure (~ 0.3 mBar).  
Pharyngeal pumping of the worm is recorded as an EPG signal (Fig. 1B).  
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Figure 1: A. Schematic of the microfluidic device for EPG recording. The blue layer is the flow layer, containing a 

trapping channel (red square) and several bypass channels. The grey layer is the control layer consisting of three micro-
valves. A real image of a trapped worm is shown to the right of the trapping channel. B. Comparison of EPG signals ob-
tained from the conventional method and EPG chip. They have similar amplitude and pump duration. Every functional 
spike can be observed and detected from the signal collected from the EPG chip. (Worms were synchronised for age, 1 

day old adult was used in both EPG experiments). 
 

Drugs are flowed across the worm’s body using a separate channel. For proof of principle, 5-HT (serotonin; 10mM) 
was used. This drug regulates the activity of the M3 motor neurons and timing of pharyngeal muscle repolarization and 
thus shortens pump duration and increases frequency.[6] First the worm is pushed into the trap and stable recordings are 
made over 5minutes.  The worm is perfused with the drug and the 5-HT response was observed for approximately 25 
minutes. Fig. 2 shows that the pumping rate increases from 4.5 per minute to 208 per minute and the average pump dura-
tion decreases from 116.2 ms to 100.5 ms after perfusion with 5-HT (n=3). The average pump rate and pump duration 
were extracted using the software AutoEPG.[7] The delay time for the 5-HT response will be influenced by the time tak-
en for the 5-HT to reach the worm in the microchannel and the time taken for it to cross the cuticle of the worm. The 
relative contribution of each is currently being determined by further experiments and  improvements to chip design will 
be made to reduce the delay if necessary.  
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Figure 2:  Change of EPG signals after treatment with 5HT. A. Basal recording from a wild type nematode. B. EPG 

recording 25 minutes after the worm being treated with 5HT for ~ 25 min, when the worm was fully affected. The pump 
rate increased from 0.075 per second to 3.46 per second. The pump duration decreased from 116.2 ms to 100.5 ms. 

 
RESULTS AND DISCUSSION 

A microfluidic device that allows for the trapping of single worms, delivery of stimuli with precise control and re-
cording of EPG signals has been described. High quality recordings were collected from this device that have similar 
amplitude, pump duration and functional spikes to the conventional pipette method.  Results from exposure to 5HT test 
were comparable to that from the conventional 5HT assay (data not shown).   

In conventional EPG experiments, manipulation of the worm is complicated even for an expert operator. The micro-
fluidic chip greatly simplifies this procedure and dramatically reduces drug usage. Our EPG chip can be used for EPG 
assays with or without the presence of 5HT; thus it improves on an earlier design [3] as it provides the capability for re-
cording basal activity and thus can screen for excitatory or inhibitory drug actions or mutations. It provides an integration 
of structures for orienting the worm, soft trapping design, pneumatic control valves, and embedded microelectrodes elec-
trodes which make operation more precise and high-throughput, providing an excellent microenvironment for high-
quality neurogenetic and  neuropharmacological analysis of nematodes. 
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ABSTRACT 

We report on a self-regulating, simple and precise approach to control the distance between a 
scanning microfluidic probe and a surface. The approach is based on hydrodynamic levitation of the probe 
over a surface. We demonstrate this distance control in the context of life-sciences, where the surfaces are 
most often immersed in liquid, and typical variations of the surface topography are in the tens to hundreds 
of micrometers. 
 
KEYWORDS 
microfluidic probe, open microfluidics, surface processing, hydrodynamics. 

 
INTRODUCTION 

Microscale patterning of curved and corrugated surfaces using scanning probe devices remains 
challenging, in particular for biological surfaces where contact between the probe and the sample must be 
avoided. Distance control is central to probes such as nanopipettes, microfluidic probes (MFPs) and 
atomic force microscopes.[1] Generally, force, current [2], voltage or optical signals are used as feedback 
for distance control. These signals and feedback approaches are suitable for the !m range but not for 
operation within tens of micrometers and in liquid environments. One recent demonstration of locally 
processing surfaces on liquid environment is the cantilever-based approach, e.g. the FluidFM.[3] In such 
systems, it is difficult to focus the laser in a liquid environment, and with multiple interfaces (air-liquid). 
This results in low Q-factor, and air bubbles tend to change refractive index, in turn disturbing the laser 
reflection. There is a critical need to develop strategies for regulating the distance between a scanning 
probe and a biological surface. We here report a simple and efficient distance control principle for the 
MFP. 
 
The MFP is a scanning microfluidic technology, which hydrodynamically confines picoliters of a 
processing liquid on substrates immersed in liquid. It operates 10-50 !m above the surface.[4] The MFP 
has been applied to flat substrates with roughnesses smaller than 5 !m to pattern proteins, stain tissues 
and cells.[4][5] The main component of the MFP is a rhombus-shaped head made of Si and glass 
comprising microchannels terminating at an apex, Fig. 1. So far, the sample-head distance was set 
manually based on a sample-head contact observed using an inverted microscope. This required 
transparency of the sample and its carrier (e.g. glass slide) and corrugated and curved surfaces could not 
be processed without human interaction. The head was leveled relative to the glass slide comprising a 
biological sample (e.g. tissue section) and the zero position established. Another approach was the a priori 
calibration to specific topographies of the surfaces. This was time consuming, and some liquid-surface 
interactions were not easy or possible to visualize and often dust particles resulted in problems. 
 
PRINCIPLE  

Here, we use hydrodynamic levitation for automated distance control. This requires only an additional 
pump and extra channels within the MFP head. A liquid flowing through levitation apertures generates a 
pressure underneath the head, thereby lifting it. At steady state, the lifting height (d) of the head depends 
on the weight (Fweight) as set with a balanced rocker arm, the flow rate (D) through the levitation apertures, 
and the area of the apex. When the MFP head encounters a topographical variation, the distance is 
self-corrected due to the dependence of the lifting height (d) on the lifting force (Flift) altering the 
hydraulic resistance (R(d)). The placement of the apertures on the apex is critical. Placing them near the 
injection/aspiration apertures perturbs the confined processing liquid whereas close placement to the 
periphery of the apex reduces Flift. Design rules have been established for optimal apex size, aperture 
placement and flow confinement, and the head can easily be redesigned accordingly.[6] 
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Figure 1.  Principle of the hydro- 
dynamically levitated MFP. (a) A 
lifting force (Flift) acts on the MFP 
head due to a liquid flow (D) through 
the levitation apertures, resulting in a 
lifting height (d). (b) Photograph of a 
MFP head comprising apertures for 
levitation, flow confinement and 
aspiration of immersion liquid. (c) 
Representation of flow lines between 
the apertures. The green arrows 
show the confinement of processing 
liquid and the black arrows represent 
the liquid injected through the 
levitation apertures. (d) Microscope 
image showing the confinement of a 
fluorescein solution and the injection 
of a suspension, containing 1 µm 
fluorescent beads, through the 
levitation apertures. 

 
 
vMFP HEAD FABRICATION AND PLATFORM 

The vMFP head is a two layer (Si/glass) microfluidic device comprising microchannels, vias for 
fluidic connection and a polished edge (apex) where the microchannels exit into open space (apertures). 
The apex physically supports the flow confinement, and has an area of approximately 1 mm2. The 
microchannels are typically 50 µm deep and taper from 200 µm width (starting from a via) to 50 µm (at 
the apertures). This design can easily be changed as needed and several variants of heads are described in 
[3]. 
 
Fabrication of vMFP heads was done using standard microfabrication techniques such as 
photolithography, deep reactive ion etching and anodic bonding. The microchannels and vias were etched 
in a 500-µm-thick 4 inch Si wafer (Siltronix, Geneva, Switzerland). The microstructured Si wafer, with 33 

vMFP heads was then anodically bonded to 
a 500-µm-thick glass wafer (Borofloat® 
33, SCHOTT AG, Germany). The 
microstructures were filled with 80 °C 
molten wax (OCON 199, Logitech GmbH, 
Germany) for protection during dicing and 
polishing of the heads. Heptane was 
subsequently used to remove the wax from 
the microstructures of the polished heads. 
 
The vMFP head was mounted in a custom 
aluminum holder prior to performing an 
experiment. The syringe pumps (not 
shown) were connected to the holder 
through capillary tubing. O-rings were 
used to seal the connection between the 
vias of the vMFP head and the ports in the 
holder.  
 
Figure 2. Setup for local staining of an egg 
shell using a levitating MFP. (a) The setup 
consists of a motorized stage, a MFP head 
clamped in a holder, which was mounted 

on a record player arm to balance the weight. (b) Close-up of the holder with the levitating MFP head 
interacting with the egg shell. 
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EXPERIMENTAL SECTION 
We used the levitating MFP to pattern "challenging" surfaces, for example, a 35-!m-thick Cu substrate 
used for circuit boards and the shell of an egg. Etching Cu was performed using a Na2S2O8 solution (20% 
w/v), while logwood brew (used to color Easter eggs) was applied to stain the egg shell. Rotating the egg 
around its axis resulted in 75 to 100 !m-wide stained lines, Fig. 2 and 3. 
  

 
Figure 3. Local processing of "challenging" surfaces. (a) A 35-!m-thick Cu surface was locally etched 
using a confined Na2S2O8 solution (20% w/v). (b) and (c) Lines of 75 to 100 !m width stained with 
logwood brew on the shell of an egg using the levitating MFP. 
 
 
OUTLOOK 

Using hydrodynamic levitation, a MFP can now easily process a large range of surfaces and not only 
biological specimens on glass slides. In addition, the MFP is now compatible with opaque surfaces and 
does not need complex sensing and actuation systems in the z-axis. This new distance control principle 
may spur the use of MFPs for microscale processing of surfaces in many fields. This approach is not 
limited to the MFP, but could broadly be used for other scanning probe approaches. 
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NANO LAPLACE VALVE FOR FEMTOLITTER LIQUID GENERATION 
AND HANDLING REALIZED BY NANOPILLAR-IN-NANOCHANNEL 

FABRICATION AND SURFACE MODIFICATION  
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ABSTRACT 
Femtolitter scale liquid (droplet in air) generation and handling methods by pressure-driven flow are essential for 
next analytical and bio technologies (e.g. pL scale single cell analysis). However, it was difficult to integrate valve 
function in nanofluidic systems due to the extremely small volume. Here, we report the integration of a chemical 
valve, Laplace valve, by developing nanoscale superhydrophobic patterning method. As a proof of concept, 1.7 fL 
water droplets were successfully generated and driven by air pressure.  

KEYWORDS 
 Nanofluidics, extended nanospace, Laplace valve, femtolitter liquid 

INTRODUCTION 
Recently, micro chemical systems on a chip are miniaturized to 101-102 nm scale, which we call “extended 
nanospace.” In extended nanospaces, unique liquid properties such as higher viscosity, lower dielectric constant, and 
higher proton mobility are reported and taking advantage of these unique liquid properties, new chemical devices 
(e.g. single cell analysis systems, highly efficient chromatography systems and etc.) have been developed [1]. In 
general, for realizing the devices, fluidic control is essential, and especially in extended nanospaces, attolitter (10-18

L) to femtoliter (10-15 L) scale liquid handling is quite important because volumes of (100 nm)3 and (1000 nm)3, 
which are extended nanoscale, become aL and fL, respectively.  

In order to handle such small amount of liquid, one strategy is integrating a valve into an extended nanospace 
channel. However, conventional mechanical valves cannot be integrated even into microspace, though a number of 
miniaturized mechanical valves were fabricated by using MEMS (micro electric mechanical systems) technology. 
Non-mechanical valves were also realized in microspace. Among the non-mechanical valves, a valve using 
wettability called "Laplace valve" is a good candidate for valves in extended nanospace. However, in the extended 
nanospace, wettability patterning with < 1m precision is required due to the small space. 

In this study, we propose a new wettability patterning method by a combination of nanostructure and surface 
modification. It is well known as lotus effects that microstructure of surface changes the wettability, and particularly, 
hydrophobicity or water-repellency is enhanced to so-called superhydrophobic ( > 150o). So far, surface wettability 
was tuned by using microstructure for the purposes of water-repellency, self-cleaning, and etc. Here, we have 
conceived that nanostructure, which is smaller than extended nanospace channels, can be used to enhance 
hydrophobicity locally (< 1m scale) in an extended nanochannel. That is, if nanopillars are fabricated on the bottom 
of an extended nanochannel in advance followed by hydrophobic surface modification of whole channel, wettability 
patterning will be formed that consists of hydrophobic region of the flat surface and more hydrophobic region with 
the nanopillars. The advantage is that the fabrication precision determines the patterning size, which is quite 
important to generate aL to fL liquid inside nanochannels.  

EXPERIMENT 
The principle of nano Laplace valve is briefly explained in Figure 1. Nanopillars enhance hydrophobicity after 
uniform surface modification. The boundary of the nanopillars serves as a wettability boundary and works as a 
passive valve.            


ano-in-nano structure was obtained by a 
two-step etching process, in which nanopillars were 
firstly fabricated, and extended nanochannels were 
overlaid on them. As the fabrication procedures were 
essentially the same as those described in our 
previous papers [1], the outline and additions of the 
two-step etching process are given here. A fused 
silica substrate with 0.7 mm thickness and 30 mm × 
70 mm sides was spin-coated with electron beam 
resist and conductive polymer. A pattern of 
nanopillars and markers for the alignment was drawn 
by using electron beam lithography system and 
developed in o-xylene and rinsed in 2-propanol. The 
exposed pattern was etched by a mixture of SF6 and 
CHF3 gasses in a plasma etching system. After 
removal of the residue of the resist by a mixture of 
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Figure 2. AFM image of fabricated 
nanopillar-in-nanochannels 
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Figure 3. Pressure-driven liquid handling system and 
microchip 

o-xylene and dimethylsulfoxide (v:v = 1:2), the positions of the nanopillars and the markers were obtained by 
scanning electron microscope (SEM). Then, electron beam resist and conductive polymer were spin-coated again, 
and a pattern of extended nanochannels was overlaid on the nanopillars by referring the positions of the markers. 
After the pattern was developed and etched, a profile of the nanopillars was remained due to the anisotropicity of dry 
etching process. Widths of the extended nanochannels were measured by SEM, and depths of the channels and the 
profile of the nano-in-nano structure were measured by atomic force microscopy (AFM) as shown in Figure 2. 
U-shaped microchannels (width: 0.1 mm, depth: 6 um) as reservoirs were also fabricated by photolithography and 
dry etching technique. The substrate with the channels was thermally bonded with another substrate. 

Figure 3 shows a schematic of a setup for fL scale liquid handling. An inverted microscope (IX71, Olympus) 
equipped with a CCD camera (ImagEM, Hamamatsu photonics) was used under the bright field illumination to 
observe behavior of fluids in extended nanochannels. The chip was set in an aluminum chip holder and put onto a 
stage of the microscope. The inlets of microchannels were connected with Teflon tubes through o-rings and Teflon 
screws. The Teflon tubes led to vials connected with PEEK tubes, pressure controllers and compressor. Compressed 
air generated in the compressor, of which pressure was controlled by the pressure controller, pushed water or air in 
the vials to the extended nanochannels through the Teflon tubes and microchannels. 

 
 

RESULTS AND DISCUSSION 
For verifying the working principle of the Laplace valve, a chip with a single extended nanochannel 2.2 µm wide, 
220 nm deep and 2 mm long was prepared and nanopillars were fabricated on the bottom of the nanochannel. Water 
was pushed into the extended nanochannel through the microchannel at a certain pressure, and the pressure was 
gradually increased. At first, water stopped at the boundary of the nanopillar area. When the pressure was increased 
to 226 kPa, water flowed across the boundary. The stop and flow at the boundary correspond to “close” and “open” 
state of the Laplace valve, respectively. From this result, the principle of the Laplace valve in the extended 
nanospace was verified, and its pressure barrier was successfully measured. Next, we evaluated the measured 
Laplace pressure barrier (226 kPa) by comparing with a theoretical value. The theoretical value cannot be calculated 
by normal equation assuming uniform wettability around channel wall, because wettability of flat top/side walls and 
bottom wall with the nanopillars are different. Therefore, we calculate ∆P by the following equation: 

 

)
cos2*coscos

(
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θθθ

γ +
+

=∆
    (1) 

 
where a and b are the width and height of the channel and θ and θ* are contact angle of flat wall and nanopillar, 
respectively . In the condition of that a = 2.2 [um], b = 220 [nm], γ = 72 [mN] (water at 298 K), θ = 100° and θ* = 
118 °, ∆P is calculated to be 222 kPa. Compared with the experimental value of 226 kPa, good agreement is verified 
with the theoretical value. 

For droplet generation and handling, a chip with two orthogonal extended nanochannels with 1.7 µm wide and 
200 nm deep was prepared, and nanopillars were fabricated on the bottom of the horizontal nanochannel (Figure 4). 
The volume of the chamber between the intersection and the Laplace valve was 1.7 fL. The pressure barrier at the 
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Figure 4. Procedures for fL liquid generation in air 
and shot.  

 

 
Figure 5. 1.7fL droplet generated in air (upper) and 
shot of the droplet by applying higher pressure than 
Laplace pressure 

Laplace valve were measured to be 230 kPa and the pneumatic pressure necessary to drive water in the vertical 
channel was also measured to be more than 500 kPa. On the bases of these values, fL scale liquid handling was 
demonstrated as follows. Firstly, water was introduced from the left side to the Laplace valve under 230 kPa. At that 
time, the vertical channel was also filled with the water. Then, pneumatic pressure was applied from the both sides of 
the vertical channel at 600 kPa and from the right side of the horizontal channel at 400 kPa in order that the pressure 
at the Laplace valve would not exceed the pressure barrier of 230 kPa. Due to the pneumatic pressure, the water split 
at the intersection and remained at the chamber. The volume of the water that remained at the chamber was estimated 
at 1.5 fL by pixel counting. After that, the left side of the horizontal channel was turned open to the atmosphere. 
Immediately, the Laplace valve opened and the 1.5 fL water was driven to the left side (Figure 5).  

Liquid handling by a combination of pneumatic control and a valve utilizing wettability has been reported. 
However, the channel sizes were micrometer scale, so that the volume of the liquid was not below several hundred 
pL. In this study, liquid handling was successfully achieved in an extended nanospace and its volume was 5 orders 
smaller. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
CONCLUSION 
Nanoscale wettability patterning was achieved by combination of top-down fabrication and surface chemical 
modification. Due to the high precision of the wettability patterning, 1.7fL droplet was successfully generated and 
handled. This device will contribute to ultra-small volume analytical technologies such as single cell analysis 
utilizing nanofluidic channels. 
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ABSTRACT 
A small angle x-ray scattering (SAXS) screening platform for fully automated protein structure analysis based on a cen-

trifugal microfluidic LabDisk is presented. Protein sample (2 µl), dilution buffer (3 µl), and screening solution (3 µl) are split 
into 40 nl aliquots each (CVs < 5.5%), recombined in predefined ratios to 20 samples of 240 nl and mixed. On-Disk analysis 
can then be performed in a SAXS beamline. Up to 7 different screenings can be performed in parallel on one disk. For the 
first time, the SAXS-LabDisk will enable routine SAXS screening of minute protein volumes. 

KEYWORDS: Centrifugal microfluidics, Aliquoting, Mixing, Dilution, SAXS 
 

INTRODUCTION 
One of the main challenges for structural biology is the visualization of macromolecular structures [1]. SAXS makes it 

possible to reconstruct such structures directly from solution scattering [2]. This is especially useful for screening of changes 
in the shape of biological macromolecules due to differences in environmental conditions (pH, salt concentration, …) [3]. 

However, for state-of-the art techniques, consumption of the very expensive protein samples is still at least 6 µl per condition 
[4] and the time per measurement is at best 3 min [1]. In most cases this still renders high-throughput multi-parameter screen-
ing impractical. 

We present a centrifugal microfluidic platform capable of decreasing both, time per measurement and consumed protein 
volumes in small angle scattering screenings by more than one order of magnitude.  

 
FABRICATION 

The disks were designed using AutoCad 2007 (AutoDesk). The PMMA disks (Plexiglas, Evonik, Germany) have a diam-
eter of 115 mm and a thickness of 1 mm. Structures are patterned into both sides of the substrates using CNC micromilling 
(HSG-IMIT LOAC Foundry Service, Germany). The smallest functional structures on the disk are the geometric valves with 
a width of 35 µm and depth of 15 µm. After structuring the disks are cleaned using isopropanol and sealed from both sides 
via lamination of  adhesive foil (900 320, HJ Bioanalytics, Germany). Finally, the disks are mounted on a custom-built 
SAXS-LabDisk player (BioFluidix, Germany) for processing (fig. 1).  

 

 
Figure 1: Processing device (custom-built, BioFluidix, Germany) with SAXS-LabDisk (a). The fully automated frequency 

protocol can be started by the push of one button. For further decrease in volume, below the limit of manual pipettes, Pipe-
JetTM  dispensers (BioFluidix, Germany) (b) are implemented. 

a 

b 
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FUNCTIONAL PRINCIPLE AND RESULTS 
Protein sample (2 µl), screening solution (3 µl) and dilution buffer (3 µl) are pipetted into the disk (fig. 2). Then, a fully 

automated centrifugal protocol is started. First, liquids are split into 120 aliquots of 40 nl each. Subsequently, 20 different 
mixtures are generated by combining six aliquots of the three liquids in varying combinations (fig. 3). The mixtures are then 
homogenized via reciprocation by an entrapped air-bubble that expands and contracts under oscillating rotational frequencies 
[5]. Experiments have been performed with four liquids covering a range of typical solutions used in small angle scattering 
experiments: deionized H2O, high salt solutions (1M NaCl), high protein solutions (25 mg / ml lysozyme in 1  PBS) and 
highly viscous solutions (33% glycerol v/v in H2O) (fig. 4).

 
CONCLUSION AND OUTLOOK 

The SAXS-LabDisk is a novel centrifugal microfluidic platform enabling fully automated liquid handling for rapid high-
throughput SAXS screening of protein solutions directly at the beam-line. One disk has enough space for seven screenings 
with 20 measurements each. Including positioning within the beam, the expected total processing time for liquid handling of 
7 proteins including SAXS readout of 140 screening conditions is below 15 minutes, compared to > 7 hours with state of the 
art systems. 

The performance of the SAXS-LabDisk for protein structure determination will be evaluated at the beamline PETRA-III 
at EMBL Hamburg, Germany later this year. The platform is expected to be superior to state of the art in the crucial parame-
ters of time per measurement and sample consumption by more than one order of magnitude. 

 

 
Figure 2: Fluidic principle of SAXS-LabDisk. Inset (a) preparation of 40 nl aliquots. Valving is performed via capillary 

valves. Inset (b) shows the principle for mixing via repetitive compression and decompression of an enclosed air bubble, due 
to oscillating centrifugal pressure between different rotational frequencies (Step 1, Step 2). After mixing, the homogeneous 

solution is transported to the measurement chamber via priming of a siphon due to expansion of the entrapped air at low ro-
tational frequencies (Step 3). Frame (c) shows a photograph of the measurement chambers with microfluidically generated 
varying protein-/ screening-/ buffer-concentrations. For better illustration blue, red and yellow dyes were added to the pro-

tein, screening and buffer inlet. 
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Figure 3: Implemented dilution matrix. Each measurement chamber is represented by one of 20 dots. For each dot the 

number of protein / screening / buffer aliquots necessary to reach the predefined concentration is given. 

 

  
Figure 4: Results for aliquoted liquids at room temperature (100+ measurements each). Liquids with high protein con-

centration, high salt concentration, high viscosity and deionized H2O were tested. Error bars represent CVs that are between 

1 % and 5.5 %. 
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ABSTRACT
We demonstrate a novel, flexible and biocompatible method to pump liquid through microchannels without the use 

of an external pump. The pumping principle is based on the rotation of superparamagnetic microspheres around 
permalloy disks, driven by an external in-plane rotating magnetic field. By placing the permalloy disks close to the 
edge of the channel, a net flow of 9 µm/s was generated in the middle of the channel. This pumping principle is 
especially suited for flow controlled medium recirculation in culture chambers, opening ways towards portable, on-chip 
closed cell culturing [1]. 

KEYWORDS
Magnetic microspheres, pumping, permalloy, closed microsystem, rotating.

INTRODUCTION
The manipulation of magnetic microspheres using permalloy patterns and external fields has been demonstrated by 

Gunnarsson et al [2]. In this work we use this movement to generate a net flow using an external rotating in-plane 
magnetic field. Using this field the magnetic elements of the array are magnetized, causing a force on the magnetic 
microspheres. This in turn causes the magnetic microspheres to rotate around the soft magnetic disks. In a closed-loop 
structure the rotating microspheres will cause a net fluid flow, as shown in Figure 1.

Figure 1. The closed pumping channel with permalloy disks (gray) and magnetic microspheres (black). The arrows 
indicate the direction of flow. Since the disks are placed closed to the edge of the channel, the net flow is upwards.

For optimal pumping, the magnetic microspheres should be as large as possible, as long as they fit in the channel. 
Larger microspheres not only experience more force in the magnetic field generated by the disks, but also displace 
more liquid per cycle. Apart from the pumping motion, also effective mixing is obtained by the stirring action of the 
microspheres.

The fluidic pumping operation is based on the asymmetry in the liquid displacement during the forward and 
backward movement of magnetic microspheres rotating around soft magnetic disks located outside the center of a 
(micro-)channel as shown in Figure 2. Assuming 3D Stokes flow and neglecting no-slip conditions at the wall, one can 
estimate the pumping efficiency by integrating the flow profile over the channel boundaries. These calculations show 
that the pumping efficiency is strongly dependent on the gap between the rotating microsphere and the wall, with the
highest efficiency being achieved by minimizing this gap. Due to their position near the edge of the channel, the drag 
caused by the channel wall will cause an asymmetry in liquid displacement, resulting in the net pumping motion. The 
effect is multiplied by using an array of magnetic disks along the channel wall (see Figure 1). The rotational frequency 
of the external magnetic field controls the movement of the magnetic microspheres and therefore the generated net 
fluid flow. 
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Figure 2. When a magnetic bead located close to the wall in a microfluidic channel rotates around a magnetic disk, the 
asymmetry in liquid displacement of the forward and backward movement results in a net pumping movement. 

This principle enables the use of an externally programmable flow in a closed microfluidic system. A major
advantage of such a magnetic actuation principle is, that it reduces the size of the microfluidic control drastically, 
because for pumping no tubing and no syringe pump will be required. Therefore the total setup can be reduced to the 
chip in a chip holder and a magnetic control device for the actuation. Hence a small portable and programmable 
pumping system with a relatively inexpensive actuation setup in principle would be obtained. Usual problems with an 
external pump connected to a chip by tubing, such as air bubbles and dead volume introduced by these components,
would be circumvented by using a closed fluidic pump on chip.

MANUFACTURING

Figure 3. A picture of the fabricated chip, with a size of 2.0cm x 1.5cm.

To fabricate the magnetic structures, a 480 nm permalloy film was sputtered on a silicon wafer and patterned using 
conventional lithography and etching, yielding an array of disks with a diameter of 25 µm. The adhesion of the 
permalloy film to silicon and glass substrate was poor, therefore a chromium adhesion layer was applied. The 37 µm
deep microchannels were wet etched in a borofloat glass wafer. To get tightly sealed channels, both wafers are bonded 
anodically at 425 oC. A picture of the resulting chip is shown in Figure 3.

Figure 4. The magnetization curves of the permalloy disks (left) and the superparamagnetic microspheres (middle and 
right). The remanent magnetization of the magnetic microspheres is small.

A disadvantage of this heating step is that it increases the coercivity of the permalloy (Figure 4). However the 
hysteresis loop of the permalloy film after heating  (Figure 4, left), shows that the increase in coercivity is limited to 
6 kA/m. It was possible to saturate the fabricated magnetic disks by using a relatively small magnetic field of 
approximately 65 kA/m. This magnetic field strength could be reached easily with conventional electromagnets. 
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EXPERIMENTAL
Pumping experiments were performed using bio-compatible, 30 µm superparamagnetic microspheres [3]. The 

maximum achievable rotation frequency depends on the magnetic force between the disk and the magnetic 
microsphere. To maximize this force, the magnetization of the microspheres should be as high as possible. Their 
hysteresis loop (Figure 4, right) shows that the remanent magnetization of the microspheres is quite small, which will 
prevent permanent sticking of the particles to the disk or to each other. The external magnetic field was generated by a 
magnetic quadrupole electromagnet, with a field of 95 kA/m at rotating frequencies of up to 10 Hz. Red polystyrene 
microspheres of 3 µm [4] were added to visualize the flow in a microscope. Only partial coverage of the disk array by 
rotating beads was obtained mainly due to sticking problems.

RESULTS

Figure 5. Images of moving particles in the channel. The dark magnetic microspheres are rotating around the gray 
permalloy disks. The small dark dots are the polymer indicator microspheres.

Figure 6. The observed movement of the indicator microspheres at a magnetic field frequency of 5 Hz, indicating a net 
liquid flow in the channels. The maximum velocity of 40 µm/s is limited by the particle tracking algorithm.

The rotation frequency of the microspheres could be controlled well up to 6 Hz, resulting in a maximum 
microsphere velocity of 470 µm/s. Images of these moving microspheres are shown in Figure 5. Above this frequency 
the microspheres did not perform exclusively a circular motion, but also started to spin around their own axis or 
stopped moving completely. The highest pumping rate was obtained at the maximum rotation frequency, where the 
microsphere movement was still purely circular. Even though coverage of the disks by microspheres was only partial in 
our setup, the pumping principle did work well. Figure 6 shows an analysis of the recorded paths of the indicator 
microspheres. Two rotating beads spaced one disk are shown on the left and two rotating beads without spacing are 
shown on the right of Figure 6. There is a net flow in the middle of the channel with an average velocity of 9 µm/s. 

We expect that further optimization of the geometry and microsphere coverage can lead to a significant increase of 
the flow rate. The magnetization of the microspheres could also be increased. Proper coating would make the
microspheres biocompatible and could also prevent sticking.
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GENERATION OF A MICROLIQUID CONCENTRATION SERIES 
USING WETTABILITY GRADIENT AND ELECTROWETTING 

Takashi Yasuda, Jin Nakamura, Kenichi Nakayama, Makoto Yamanaka 
Kyushu Institute of Technology, Japan 

 
ABSTRACT 

We developed a novel microdevice for generating a concentration series of microliquid mixtures by automatically 
sampling two different kinds of liquids having multiple different volumes and mixing them at various mixing ratios 
simultaneously. The present device is operated by automatic droplet transportation technique using a wettability gradient 
surface and electrowetting-based liquid handling. While a droplet is transported along the wettability gradient, multiple 
portions of the droplet are drawn into side-channels. Consequently, multiple liquids having different nanoliter volumes (5 
to 45 nl) are sampled automatically from two kinds of droplets of microliter volumes. When a voltage is applied between 
two electrodes, nine pairs of sampled liquids are mixed at different mixing ratios (1:9 to 9:1). The fabricated device was 
tested using dye solutions, and the average concentrations of prepared mixtures were consistent with expected values at a 
correlation coefficient of 0.99. 

 
KEYWORDS 

Concentration series, Wettability gradient, Electrowetting, Microliquid handling 
 

INTRODUCTION 
Microdevices for preparing multiple microliquid mixtures having different concentrations will be quite useful for 

drug screening, cell analysis with chemical stimulation, calibration in immunoassay, etc. Many microfluidic devices for 
mixture preparation have already been developed [1-6]. However, these devices require external pressure sources such as 
a syringe pump and tube connections between devices and these sources. This will highly increase the overall dimension 
of a microfluidic system, and also make its operation complicated. Moreover, tube connections will increase dead volume 
in a microfluidic system and need a large volume of redundant liquid sample. In order to solve these problems, we 
present a microliquid handling technique using automatic droplet transportation on a wettability gradient surface that is 
sequentially followed by electrowetting-based liquid handling [7]. Our technique requires no pressure sources and no 
tube connections. 

 
 

Hydrophobic
SAM pattern on Au

Hydrophilic glass surface

SU-8

Side-channels

Partially-exposed
Au electrode 1

Hydrophobic 
Au electrode 2

Wettability gradient surface

PDMS coverWettability
gradient surface

Glass plate 
Side-channel

SU-8Air vent channel

(a) Top view of a device. (Only 4 out of 9 pairs of side-channels 
are shown here to simplify the schematic.) 

(b) Oblique perspective figure of a side-channel 
and its vicinity. 

Figure 1.  Schematic of a liquid handling device. 
 
 

METHODS 
The device consists of two wettability gradient surfaces, nine pairs of side-channels, and two Au electrodes (Fig. 1(a)). 

The wettability gradient surface is created by forming hydrophobic SAMs (self-assembled monolayers), 
1-octadecanethiol, on a series of wedge-shaped patterns of Au which are created on a hydrophilic glass plate. The 
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side-channels having hydrophilic bottom surface are fabricated by SU-8 patterning on the glass plate, and covered with a 
PDMS plate having an air vent channel (Fig. 1(b)). The two hydrophobic electrodes are also made of Au having the same 
SAMs on it. The electrode 1 which is located at the entrance of a side-channel and longitudinally through it is covered 
with SiO2 and partially exposed so that the electrode does not prevent a liquid from being drawn into the side-channel. 

Liquid operation will be carried out according to the following procedure. A droplet placed on the hydrophobic area 
of wettability gradient surface moves toward the hydrophilic area automatically (Fig.2 (a)). During the automatic droplet 
transportation, multiple portions of the droplet are drawn into side-channels (Fig.2 (b)), and stopped at the edge of the 
hydrophobic electrode 2. This allows completely independent liquids having side-channel volumes to be stored in the 
side-channels (Fig.2 (c)). Next, when a voltage is applied between the two electrodes, the liquids break on the electrode 2 
by electrowetting, and eventually go across the electrode. Then, the two different liquids from the adjacent side-channels 
are connected with each other, and multiple mixtures are prepared by diffusive mixing (Fig.2 (d)). 

 
 

Side-channels

(b)

Electrodes

(c) (d)
Voltage applied

(a)

Droplets

Wettability
gradient surface

Figure 2.  Procedure of mixture preparation. 
 
 

EXPERIMENTS 
Figure 3 shows photographs of the device which was fabricated on a glass plate measuring 3 cm x 3 cm. The two 

wettability gradient surfaces measure 1.5 cm in length and 5 mm in width. The nine pairs of side channels measure 2 mm 
in length and 50 μm in depth, and have different widths from 50 μm to 450 μm. A closeup photograph of the 
side-channels and electrodes is shown in Fig. 4. 

A sequential operation was demonstrated using the fabricated device. When two 10 μl droplets of 0.1 M KCl with / 
without Brilliant Blue FCF dyes were placed on each wettability gradient surface using a pipette, nine liquids having 
different volumes (5 to 45 nl) were sampled automatically from each droplet (Fig.5 (a)-(c)). Then, when an AC voltage of 
5.5 Vpp and 10 Hz was applied between the electrodes, the nine pairs of sampled liquids were mixed at different mixing 
ratios (1:9 to 9:1) (Fig.5 (d)-(f)). 

The color density of the mixtures was measured and plotted against the mixing ratio (Fig. 6). Also, the expected line 
which means the ideal relationship between the mixing ratio and color density of mixtures was obtained from 
preliminarily-mixed solutions. The average concentrations of the prepared mixtures were consistent with expected values 
at a correlation coefficient of 0.99. 

 

 

Figure 3.  Photograph of the fabricated device. Figure 4.  Closeup photograph of side-channels and 
their vicinity. 
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Figure 5.  Photographs of sequential operations from 
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Figure 6.  Relationship between mixing ratio and color 
density of mixtures. 

 
 

CONCLUSIONS 
The fabricated device that doesn’t require pressure sources and tube connections succeeded in sampling liquids 

having different volumes (5 to 45 nl) automatically and preparing nine microliquid samples of different concentrations by 
mixing two different kinds of liquids at various mixing ratios (1:9 to 9:1). In the near future, we will apply the device to 
on-site preparation of a calibration curve for point-of-care diagnostics using immunoassay etc. 
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FREE ACCESSIBLE MICROCHANNEL USING AIR-LIQUID INTERFACE 
WITH PATTERNED NANO-GEOMETRIC SURFACE 
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ABSTRACT 
    We succeeded in fabrication of a free accessible microchannel using an air-liquid interface. To pattern the 
air-liquid interface in the microfluidic chip, we utilized nano-geometric surface which encloses micropatterned 
massive nanopillars to enhance the wettability of the surface, which was fabricated by using the hybrid mask 
lithography technique. Novelties of this paper are shown as follows. (1) The contact angle of surface can be adjusted 
in wide range by fabricating the nano-geometric surface. (2) The free accessible microchannel was achieved by 
nano-geometric surface. (3) We succeeded in manipulation of a microparticle in the air-liquid interface microchannel 
by the magnetically driven microtool (MMT). 
 
KEYWORDS 
Air-liquid interface, Hybrid mask lithography, On-chip robotics, Nanopillar, Contact angle. 

 
INTRODUCTION 

In the bioengineering filed, cell manipulation is important to 
measure the specific parameters. Recently, the microfluidic chip 
which has been used for the miniaturization of chemical analysis is 
applied to manipulate or measure the cell [1]. In the microchannel 
of the microfluidic chip, the fluid flow is limited to single degree 
of freedom allows high-speed and continuous cell manipulation.  

In previous work of our group, magnetically driven microtools 
(MMT) has been proposed for automation of cell manipulation [2]. 
The MMT made of magnetic material is placed in the microfluidic 
chip, and is actuated by external magnetic force. Because of high 
output force of mN order and high-speed drive of about 100 Hz [3], 
the MMT enables high- throughput cell manipulation by 
combination with microchannel. 

However, the laminar flow in the microchannel was disturbed 
by flowing into the operation chamber of the MMT, as shown in 
Figure 1(a). The cell was also moved by the flow caused by the 
movement of MMT. These are one of serious problems to realize 
high-speed cell manipulation. To solve these problems, we 
proposed the free accessible microchannel formed by air-liquid 
interface, as shown in Figure 1(b). 

 
THEORY 

Air-liquid interface microchannel: 
To prevent the disturbance to the cell by the movement of 

MMT, the MMT is separated from the liquid of microchannel to 
the air area of the microfluidic chip. Only probe tip of the MMT 
penetrates into the microchannel through the air-liquid interface. 
Therefore, the turbulence of flow by the motion of MMT becomes 
minimized. In this paper, we patterned the two areas with different 
wettability to form air-liquid interface, as shown in Figure 1 (c). In 
consideration of biocompatibility, we controlled the wettability by 
the geometric surface without chemical treatment. The height of 
microchannel was 200 m, and was designed to transfer a large 
cell such as an oocyte. We succeeded in forming the air-liquid 
interface microchannel in the microfluidic chip, and dispensing the 
microparticle with diameter of 100 m from microchannel in the 
microfluidic chip. 

Hybrid mask lithography: 
It is a well-known phenomenon that nano-geometric structures on the surface contribute to enhance the 

wettability. Previously, several methods such as black silicon and electron-beam lithography are commonly used to 
fabricate the nanostructure. Black silicon which is needle like structure formed in mismatching condition of deep 
reactive ion etching (D-RIE) contributes to obtain the hydrophobic surface [4]. However, it is difficult to control of 
the height and the density of the nanostructure because this fabrication process depends on the condition of the 

(b) Proposed microchannel 

(a) Conventional microchannel 

Figure 1: Concept of free accessible 
 microchannel 

MMT 
Glass 

Si 

Glass
Microparticle 

Free accessible microchannel 

Hydrophobic area Hydrophilic area 

(b) Proposed microchannel
Air-liquid interface microchannel 

Hydrophobic area Hydrophilic area
(c) Air-liquid interface by the wettability of surface 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1459



Glass cover 

PDMS spacer 

Si substrate 

Fluorocarbon (backside) 
Outlet 

Inlet 

Nanopillars area 
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Figure 2: SEM images of fabricated nanopillars 
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etching gas and deposition gas. Electron-beam lithography 
is technique possible to fabricate the nanostructure with 
the order of under diffraction-limited of the 
photolithography [5]. In addition, this technique is able to 
control of the density, diameter, and shape of the 
nanostructure. However, this technique based on the 
scanning method, it takes long time to pattern large area. 

By considering these problems, we have proposed the 
hybrid mask lithography technique to obtain the simple 
fabrication of the nanopillars with micro-pattern 
simultaneously. Briefly, the hybrid mask lithography was 
utilized the composite of positive photoresist and 
nanoparticle was exposed by using the two different masks 
of the photo mask and nanoparticle mask. Figure 2 shows 
the scanning electron microscope (SEM) images of the 
fabricated multi-scale structure. Coating hydrophilic or 
hydrophobic material on the fabricated nanopillars to 
enhance the wettability, we get the superhydrophilic or 
superhydrophobic surface to obtain the air-liquid interface 
microchannel. 

The features of this process are summarized as follows. 
(1) We can get the multi-scale structures which are the 
microchannel pattern as well as nanopillars pattern 
simultaneously. Patterning area is as large as the size of 
wafer using only standard microfabrication processes. (2) 
We can control the density of nanopillars by changing the 
concentration of nanoparticle dispersed into photoresist. 
(3) We can control the height of the pillar as same as the 
micro-pattern which is the original surface of the substrate. 

Fabrication: 
The microfluidic chip is composed of several layers, as 

shown in Figure 3. The hydrophobic and hydrophilic areas 
are patterned on the Si substrate and the glass cover 
respectively to increase stability of air-liquid interface. 
Figure 4 shows the fabrication process of the microfluidic 
chip. 
[Glass cover] 
Fluorocarbon as hydrophobic material was patterned on 
the glass substrate by lift-off technique. 
[PDMS spacer] 
The PDMS sheet with the thickness of 200 m was 
fabricated by molding of patterned substrate. 
[Si substrate] 
Microchannel pattern and nanopillars were fabricated 
simultaneously by hybrid mask lithography technique. To 
prevent interference between nanopillars and flowing 
microparticles in the microchannel, the bottom surface of 
the microchannel remained flat. Nanopillars were 
patterned around microchannel. The nanopillars coated 
with fluorocarbon hydrophilized the inside area of 
microchannel relatively. 
[MMT] 
The structure of MMT made by Si with the thickness of 
200 m was fabricated by D-RIE. The Ni part to obtain 
magnetic force is fabricated by electroplating to the hole of 
MMT. Ni parts are thicker than Si parts by etching the 
backside of MMT. As a result, the clearance between the 
probe of MMT and the nanopillars can be maintained to 
prevent contacts between them during the cell 
manipulation. 
[Microfluidic chip] 
Each layer was assembled to the microfluidic chip, and the 
developed microfluidic chip is shown in Figure 5. 

Figure 4: Fabrication process of microfluidic chip 
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EXPERIMENT 
Figure 6 shows the contact angle of droplet as a function 

of density of the nanopillarss deposited with fluorocarbon 
or SiO2. The blue dots represent the contact angle of 
nanopillars coated SiO2, and the purple dots show the 
fluorocarbon-modified nanopillar. The SiO2 nanopillar 
surface could change the contact angle from 0 degrees to 36 
degrees. The contact angle of fluorocarbon nanopillar was 
changed from 113 degrees to 160 degrees. It was confirmed 
that the contact angle also can be controlled simply by 
changing of the concentration of the nanoparticle. 

We applied the hybrid mask technique to fabricate the 
air-liquid interface microchannel. The superhydrophobic 
area on the Si substrate was fabricated using the composite 
of photoresist with nanoparticle of 0.40 %, and the height of 
nanopillars was 5 m. These conditions stabilized the 
air-liquid interface. Circular hydrophilic area was patterned 
near the microchannel to dispense a microparticle there. 

We confirmed that the air-liquid interface was formed 
by injection of DI water and polystyrene microbeads with 
diameter of 100 m, as shown in Figure 7(a). Then, 
microbeads were transported at the max speed of 1.3 mm/s 
by fluidic control. Finally, we succeeded in dispensing the 
microbead from microchannel to the circular area by the 
probe of MMT through the air-liquid interface stably, as 
shown in Figure 7 (b) (c). 
 
CONCLUSION 

We proposed the free accessible microchannel wiyh air 
liquid interface for high-speed cell manipulation. Proposed 
air liquid interface microchannel was achieved by large 
area of nanopillars pattern fabricated with hybrid mask 
lithography technique. With this air liquid interface 
microchannel, we demonstrated dispensing of microparticle 
with MMT. On-chip robotics systems with this high speed 
manipulation by air liquid interface channel can extend 
many applications such as high speed cell manipulation or 
high throughput measurement of cellar characteristics. 
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RESULTS AND DISCUSSION 

Regime of two-phase flow in 500 nm-5000 nm fused-silica channels and interfacial properties were investigated. 

Figure 3 shows (a) two-phase flow in 2000 nm and 1000 nm channels observed by an optical microscope, and (b) 

regime of two-phase flow in 2000 nm channel as function of applied pressures. For microchannels, parallel 

two-phase flow was successfully formed for higher pressures over 100 kPa of high Capillary number (Ca = µU/γ, 

where µ is the viscosity and U is the velocity), where the interface becomes stable by dominant viscous force, as 

shown in Figure 3(a) and (b). However, for extended nanochannels, parallel two-phase flow could not be formed for 

0−400 kPa pressures, and became slug flow (Figure 3(a)). In order to evaluate properties of water-dodecane interface, 

the Laplace pressure at the interface was estimated from the injection pressure into the channel, as listed in Table 1. 

The experimental values of the Laplace pressure well agree with theoretical values for microspace, while the Laplace 

pressure in extended nanospace shows higher values than expected, 3 times higher for 500 nm channel. This higher 

Laplace pressure in extended nanospace is considered to be because of higher surface tension due to specific liquid 

structure predicted from our previous results for liquid confined in extended nanospace [1]. Considering the 

principle, the parallel two-phase flow becomes more unstable by the higher Laplace pressure, and results in slug flow. 

Therefore, it is concluded that a partial surface modification method is required to form parallel two-phase flow in 

extended nanochannel.  

The proposed surface modification method was 

validated. TMS was modified on a fused-silica plate, 

and the evanescent wave of 266 nm wavelength was 

illuminated to remove TMS by ablation, by introducing 

a UV laser through the prism coupled with the glass 

plate. After the modification, Rhodamine B, which has 

strong affinity with TMS, was adsorbed on the surface, 

and then the surface modification was evaluated by 

fluorescent microscopy. Figure 4 shows (a) 

fluorescence image for Rhodamine B adsorbed on the 

surface after 60 min evanescent wave illumination, and 

(b) fluorescent intensity profile as function of time. A 

dark spot was observed in the fluorescent image, where 

TMS is removed and results in low adsorption of 

Rhodamine B. Temporal variation of the fluorescent 

intensity profile shows typical ablation process reported 

previously [3]. Results indicate that the modified TMS 

is removed by the ablation by the evanescent wave 

illumination. 

Finally, the proposed modification method was 

demonstrated for a 500 nm channel (Figure 5). An 

optical alignment system to accurately illuminate the 

evanescent wave by observing the fluorescence was 

developed using an optical system and an EMCCD 

camera. The laser beam was converted to a laser sheet 

for the evanescent wave illumination toward the side 

channel wall. Result suggests that the two phase flow 

was partially formed in the nanochannel showing the 

water/dodecane interface. Although the accuracy of 

method is required to be improved, this study could 

prove availability of the partial surface modification 

method for formation of parallel two-phase flow in 
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Figure 2. Schematics of (a) experimental setup and (b) 

two-phase flow channel of aspect ratio of two (W/D = 2). 

 

Table 1. The Laplace pressure at water-dodecane 

interface in fused-silica channels compared with 

theoretical value 

Size (nm) PL (exp.) [kPa] PL (theory) [kPa] 

5000 15.0 18.9 

2000 40.0 47.4 

1000 150    94.8 

 500 620    189     
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Figure 3. (a) two-phase flow in 2000 nm and 1000 nm channels observed by an optical microscope, and (b) regime 

of two-phase flow in 2000 nm channel as function of applied pressures. 
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extended nanochannel. 

 

CONCLUSIONS 

A method to form parallel two-phase flow in extended 

nanochannel was studied. An optical partial modification 

method by using molecular ablation by evanescent wave 

was proposed. Investigation of regime of two-phase flow 

in fused silica channel revealed that parallel two-phase 

flow can be formed in microspace, while two-phase flow 

in extended nanospace becomes slug flow in a pressure 

range of 100-400 kPa. The results indicated that the 

Laplace pressure of water-dodecane interface becomes 

higher than theoretical value in extended nanospace, 

probably due to specific liquid structure predicted by our 

previous study. This suggests that the partial surface 

control is required to form parallel two-phase flow in 

extended nanochannel. The demonstration of the partial 

modification method for 500 nm channel suggested 

possibility of formation of two-phase flow in extended nanochannel. This method will greatly contribute to 

nanofluidics for integration of chemical unit operations into extended nanospace by using continuous multi-phase 

flows. 
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ABSTRACT 

This paper presents an internally triggered multistep flow sequencer using centrifugal microfluidics. The results 
of experiments show successful demonstration of multistep flow sequencing by spinning the disk at constant 
spinning speed of 1500 rpm. We succeeded in to demonstrate two types of flow sequencing. One is timer sequencing 
using clepsydra which carryout four step flow sequencing autonomously. In the timer sequencing, timing of the all 
four steps are triggered by clepsydra. Other flow sequencing is chain flow sequencing which carryout three or five 
step flow sequencing autonomously. In the chain flow sequencing, a specific flow step is triggered by the end of 
flow step, which implemented just before the flow step. 
 
KEYWORDS 
autonomous, multistep operation, clepsydra 

 
INTRODUCTION 

Demand for the development of automation technology for the micro total analysis system (Micro TAS) is more 
and more increasing. The most standard approach to realize automated Micro TAS is to develop automated 
pneumatic control and syringe pumping systems using programmable controller. The fluidic chip is connected to the 
external systems and supplied with pressure and reagents. Therefore the total system requires many components, 
such as syringe pump, pneumatic pump, and many tubing. Therefore currently the automated Micro TAS intending 
to requires large eternal supporting systems, that making difficult to take Micro TAS out from laboratory use; the 
issue of chip-in-a-lab.  

Centrifugal microfluidics is one of the promising ways to realize the automated Micro TAS, especially for the 
operation of numbers of systems. [1-6] Lai et al. developed a compact-disk-like device for enzyme-linked 
immunosorbent assay (ELISA) that can do automatic sequencing with a series of liquid injections for automatic 
multiple assays by just accelerating the spinning speed of the disk. [3] Fully automated immunoassay from whole 
blood is realized by using centrifugal microfluidics with wax valving. [4, 5] The actuation of valve to open the valve 
and also close the valve is implemented by irradiating the wax with infrared laser. A unique assay system using 
siphon valving has been developed. In the latest report, the flow sequencing and automated immunoassay was 
realized by using multiple siphon valves. [6] These studies shows relatively simple and automated immunoassay 
system by utilizing centrifugal force for the pumping, however all of them requires sophisticated controlling 
technique and chip fabrication. Therefore it expected that the development of the microchips and total system is still 
costly. 

Besides, the development of autonomous controlling of Micro TAS has been another popular approach to 
develop simple, automated, compact, and low cost systems. Capillary driven pumping realize the simple pumping by 
utilizing surface wetting of the hydrophilic capillary. [7, 8] Therefore it does not require liquid pumping equipment. 
Power-free pumping is proposed. [9] In this method the evacuated PDMS is used for the pumping of the liquid. The 
gas inside channel gradually dissolves into the PDMS bulk texture and dissolved gas volume of liquid is sucked into 
the microchannel. These examples realize relatively simple and compact system however it requires some supporting 
hand operation to carryout complicated multi step operation. Recently, autonomous programmable control system 
for microfluidics is proposed. [10] In this study the fluidic system is designed based on the analogy of fluidic circuit 
with electronic circuit and multi step pneumatic valve and pumping control is controlled by simple pneumatic digital 
signal, and autonomous pump oscillation mode is switched. This is unique and having great potential to realize 
simple total system capable of complex multistep operation, however still have technical difficulties to develop 
compact system since bulky vacuum pump is required.  

We have proposed a new autonomous flow sequencing method based on centrifugal microfluidics. [11] In this 
work two-step flow sequencing is demonstrated at constant spinning speed of the disk without any kind of 
controlling such as surface modification of chip materials, and spinning speed change. This paper describes two 
different types of autonomous multi step flow sequencing on a centrifugal microfluidic device based on the concept.  
 
DESIGN  

Figure 1 shows schematic illustration of timer controlled multistep flow sequencer and flow sequencing on the 
device. The basic concept of flow sequencing is previously reported. [11] We applied same concept for the design of 
multi step flow sequencing. In brief, multiple reservoirs for liquid storage is patterned on the PDMS fluidics. The 
each reservoirs are connected to a clepsydra. When the device is spun, the liquids will be driven toward the outside 
of the disk due to pressure induced by centrifugal force, while liquid sustain in the reservoir until the flow injection 
is triggered by the clepsydra. Based on this concept, the system requires only a single steadily spinning motor with a 
simply fabricated device as the patterned microchannel for flow sequencing. 
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EXPERIMENT 

Polydimethylsiloxane (PDMS; Silpot 184) is 
purchased form Toray dowcorning. Commercially 
available blank CD media is used as a substrate of the 
device. To obtain clear transparent disk, coating film was 
peeled off as follow. The coating film of the CD was cut 
with knife and the coating film was peeled by adhesive 
tape. Then the disk was cleaned using ethanol followed by 
rinse with water. Finally white adhesive tape is pasted on 
the surface of CD for better visibility of observation with 
strobe scope. Thick negative photoresist (SU-8) and SU-8 
developer was purchased from Nipponkayaku Co., Ltd.. 4 
inch silicon wafer was used for the prototyping of SU-8 
mold. The pattern of the device was designed using Auto 
CAD and converted into Adobe Illustrator file. Then the 
data was printed on the transparent film with commercial 
high resolution printing service.  

A microfluidic device made of PDMS, 3 mm in 
thickness is fabricated by the conventional method. [12] 
First of all, the SU-8 mold pattern is fabricated on the 
silicon wafer as follows. 4 inch silicon wafers were hard 
baked on a hot plate more than 5 min at 200 oC and SU-8 
(3050) is spincoated to obtain 100 um thick photoresist 
film. Then the substrate is baked for 1 min at 65 oC and 
45 min at 95 oC to obtain dry film. Then the film of SU-8 
is exposed to UV light using prepared photomask for 45 
sec. The exposed substrate is baked for 1 min at 65 oC and 
5 min at 95 oC for the polymerization of exposed part. 
The baked substrate is immersed into SU-8 developer and 
rinsed isopropylalchol finally dried with gentle nitrogen 
stream. PDMS monomer and catalyst were mixed with 
ratio of 10:1 in mass and pored on the SU-8 mold and 
baked at 75 oC for 1.5 hr. The polymerized PDMS film (3
mm in thickness) was peeled form the substrate and cut 
along the designed shape with knife. The liquid reservoirs 
and air vent holes were punched and cut with puncher and 
knifes. 

The experiments are initialized as follows. The PDMS 
chips were cleaned with ethanol and water then they are 
left few tens minutes for the complete drying. The PDMS 
chips are attached onto the CD by utilizing self adhesion 
of PDMS onto the disk. The maximum rate that can be 
applied in the experiment is 3000 rpm. Then all liquid 
sample (20 ul in volume) and liquid for clepsydra (60 ul 
in volume) are injected into the reservoirs. All reservoirs 
are sealed with adhesive tape. The device is placed in a 
custom-made spinner and spun at a constant rate of 2000 
rpm. The acceleration of the spinning is carried out at 1500 rpm/s. 
 
RESULTS 

Figure 3 shows experimentally demonstrated multistep flow sequencing. While small volume of liquid leak is 
observed, however sequential flow triggering is successfully demonstrated and four-step flow sequencing is 
implemented. Figure 4 shows a different kind of sequencer structure. The five reservoirs are connected like chain 
with venting channels and chain flow sequencing is implemented from right hand reservoir. The all sequencing is 
implemented under steadily spinning condition at 1500 rpm, and no additional trigger is applied. Therefore the 
sequencer is independent from external system by using internal trigger concept. In case of using clepsydra, the 
timing of liquid injection is determined by the position which the venting channel to be connected on the clepsydra, 
therefore interval of the liquid injection can be designed flexibly, that means two flow injection can be implemented 
with small interval, even at the same time, or large interval. On the other hand, in case of chain structure, each 
injection step must be implemented after completion of each flow injection, therefore series of flow sequencing 
implemented step by step.  
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Figure 1: (a) Schematic illustration of flow 
sequencer. (b-g) Schematic illustration of multistep 
flow sequencing using internal trigger by clepsydra. 

Figure 3.  Experimentally demonstrated multistep 
flow sequencing using clepsydra. 

Figure 4.  Experimentally demonstrated multistep 
chain flow sequencing. 
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CONCLUSIONS 
In this paper, we report the demonstration of autonomous multistep sequential flow controls. One is timer 

controlled sequencing and another is chain flow control. The all sequencing is implemented in few tens of seconds 
therefore it is necessary to scale up the flow sequencing time up to few tens of minutes to apply more practical 
chemical processes. 
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ABSTRACT 
    This study presents an on-chip particle concentrator using a cascade electrokinetic flow. Suspended particles is 
focused three-dimensionally on a bottom surface at the center of a fluidic channel by optimized AC electroosmotic 
flow so that a highly-sensitive in-line surface detection such as electrochemical method or modified surface-binding 
is possible. Cascade configuration of electrode arrays allows 96.4 % of 2 µm particles in the channel to be 
concentrated at 10 ! 5 µm area with a concentration factor of 700 regardless of their charge and polarizability. This 
cascade electrokinetic method can be useful as a preconcentrator for ultra-sensitive detection of rare samples. 
 
KEYWORDS 
AC electroosmosis, Particle concentration, Cascade electrokinetic concentrator, rare sample detection. 

 
INTRODUCTION 

An improvement of detection sensitivity in a microfluidic system is still an issue [1] for in-field sensing or 
point-of-care diagnostics. Strategies to improve the detection sensitivity include developing highly sensitive 
detection techniques or using concentration methods prior to analysis. At the same time, detection of rare samples 
like circulating tumor cells [2] or genetic variants of viruses requires a perfect detection without any undetectable 
targets, which could be a challenging task in conventional concentration techniques. This paper presents a cascade 
electrokinetic approach using alternating-current electroosmosis (ACEO) for a particle preconcentrator, which 
enables ‘all-into-one’ sheathless particle focusing with co-planar electrodes. Utilization of ACEO for particle control 
offers a tolerance in particle properties, electrical conductivity, permittivity, surface charge and size, because of its 
principle of particle transportation using the fluidic force. Additionally, our cascade method overcomes a 
disadvantage of conventional ACEO-based particle concentrators of the local effective field [3] due to inevitable 
counter flow preventing their performances. 
 
PARTICLE CONCENTRATOR DEVICE 

Figure 1 depicts a schematic of the cascade electrokinetic concentrator chip. AC electric field is applied 
individually to asymmetric electrode (AS) and double-gap electrode (DG). AS, located upstream, is designed to 
prevent particles flowing near sidewalls of a channel, and DG focused all the particles flowing above the wide 
electrode to the surface at the center. The microfluidic preconcentrator comprised of a glass substrate with an ITO 
layer for the electrodes and A PDMS channel. The channel dimensions was 500 ! 50 µm. The electrode in AS has 
100 µm wide trunk and branches, and 10 µm separated lines. The gaps in the branch and line were 25 µm. In DG, 
wide center electrode is 300 µm wide and two gaps are 25 µm. The distance between AS and DG is 2 mm, which is 
enough long to avoid an interaction of electric field applied to the other electrode. The surface charge, and 
polarization of target particles is neglected due to the use of fluidic force; this is essential dealing with unknown 
particles in a sample solution. 

Figure 1. Schematic of cascade electrokinetic particle concentrator. Combination of alternating-current 
electroosmotic flows induced by asymmetric and double-gap electrodes (AS and DG) enable highly efficient 
concentration for all particles in a 500 µm channel. 
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1 or 2 µm carboxylate-modified fluorescent polystyrene particles were dispersed in KCL aqueous solution with 
electric conductivity of 4.4 mS/m. 

 
RESULTS AND DISCUSSION 

The concentrating behavior of 1 µm polystyrene particles and ACEO velocity field in DG electrode geometry is 
shown in Figure 2. Applied AC voltage and frequency were 5 Vpp and 500 Hz, respectively. The width of the center 
electrode was 50 µm only in this experiment for high-resolution visualization. The velocity field normal to the 
substrate was obtained by lateral micro-PIV technique [4]. The particles are three-dimensionally concentrated on the 
center electrode within a height of approximately 5 µm. The focused location of particles corresponds to a stagnation 
area of two tangential ACEO flows facing each other from both gaps. The focused position of particles on center 
electrode is varied with applied voltage and frequency. Frequency dependence of the particle focusing position is 
depicted in Figure 3. The focused position was measured from the edge of the center electrode. At higher frequency 
than 1 kHz, two linearly-concentrated particle groups were confirmed. Particles are concentrated along the centerline 
of the center electrode under low frequency conditions (< 1 kHz). This is attributed to the frequency dependent 
velocity distribution of ACEO, in which the velocity remains further from the gap at low frequency instead of the 
low peak velocity. 

Figure 4 shows particle count in spanwise direction. Particle size was 2 µm and count number in each case was 
approximately 2000. In ‘base’ case, there was no voltage application so that the particle distribution was almost 
uniform. The count rate in center and side areas are summarized in Figure 5. Center and side areas are 10 µm region 
at the center and 50 µm region from the sidewall, respectively. Optimized AC voltages were applied separately in 
AS and DG electrodes; 2,5 Vpp and 0.7 kHz for AS electrode, and 4.0 Vpp and 0.1 kHz for DG. DG pattern can 
collect particles very sharply toward center and side areas. Sidewall focusing of particles is inevitable in DG 
electrode because of outward-directed ACEO flow which transport particles to sidewall region. Thus, the effective 
area for particle focusing to the center area in DG is only over the center electrode. The concentrating performance is 
limited at most 60 % in this electrode geometry. In AS device, inward ACEO flow due to its asymmetric electric 
field strength occurs [5] and removal of particles flowing there and gentle collection of particles around the sidewall 
region toward above the center region is achieved. 

Combined use of AS and DG derives advantages of both electrode pattern. As a result, cascade chip indicates 
high count rate at the center region with a width of 10 µm as much as 96.4 % decreasing the rate at sidewall area less 

(a) (b) 

Figure 2. Concentration behavior of 1 µm particle in DG pattern. ACEO flow induced around gaps 
(a) concentrate particles on electrode surface (a) within 5 µm from the bottom. Narrow center 
electrode of 50 µm in width is used for the reason of velocity measurement with high precision. 

Figure 3. Frequency dependent focused position of particles in DG device. As applied frequencies decreases, 
the focused distance increases showing convergence at centerline of the center electrode. 
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than 1 %, as shown in Figure 5. Considering the vertical concentration as in Figure 2(b), the 3D concentration factor 
is estimated as approximately 700. 

 
CONCLUSIONS 

We have successfully developed a novel particle focusing microfluidic device using cascade ACEO method. 
Highly effective focusing of particles in the whole channel into a specific surface area was achieved. The cascade 
ACEO provides efficient sheathless concentration of particles in the microfluidic platform showing applicability for 
on-chip detection of rare samples in a portable device. 
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Figure 5. Evaluation of concentration performance for 2µm polystyrene particles. Center and side areas are 10 
µm region at the center and 50 µm region from the sidewall, respectively. DG performance is limited by the width 
of center electrode. Cascade operation shows efficient concentration. 

Figure 4. Spanwise distribution of particle flowing in the channel. DG yields three focused regions; center and 
sidewall areas. AS prevents particles flowing nearwall region. Cascade operation can concentrate most of them 
onto surface area at the center. 
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ABSTRACT 
    We describe a mechanism for maintenance of particle orbits inside microscale laminar vortices.  Particles 

‘trapped’ in the fluid vortex self-assemble into equilibrium positions where larger particles occupy orbits closer to 

the vortex center.  We investigated the contribution of several fluidic forces that may play a role in particle 

maintenance, including centrifugal force, Saffman lift force and shear gradient lift force. We found that the orbit 

characteristics of the particles were independent of density, and determined that the shear gradient lift force is mainly 

responsible for stable trapping.  This has significant implications in designing devices for predictable vortex 

trapping systems by simply modifying the shape of the velocity field.  

 

KEYWORDS 
Laminar Microvortices, Fluid Inertia, Inertial Microfluidics 

 

INTRODUCTION 
Particle trapping in fluid microvortices have been explored for various biological applications [1].  However, 

there is little empirical evidence in explaining the behavior and mechanism of particle trapping in microvortices.  

Recently, we introduced a novel phenomenon in which particles and cells can be selectively trapped within and 

released on demand from microscale fluid vortices that form when inertial effects become important [2]. While the 

approach was successful in capturing cancer cells, the current device design is limited to a trapping size cut-off of 

approximately 15 µm.  In order to improve our understanding of particle trapping in microvortices, we developed a 

model of the capture process which takes into account two critical steps: i) selective particle entry into microvortices 

from the main flow [2] and ii) particle maintenance within microvortices following entry.  Upon investigating 

particle maintenance, we unexpectedly identified that shear-gradient lift alone can create defined orbits for particles 

within microvortices, suggesting it is a key component responsible for stable trapping.  

 

EXPERIMENT 

The microvortex trapping system consists of a simple straight microchannel with an expansion-contraction 

region which creates two fluid vortices on each side of the channel at finite Reynolds Numbers (Fig. 1A).  Particles 

of various densities greater or less than water were injected into the vortex trap and tracked with a high-speed 

microscope and MATLAB software.  A ‘trapped’ particle orbits in the vortex with a stable trajectory (Fig. 1A,B).  

Particles self assemble within the vortex where larger particles occupy orbits closer to the vortex center.  Particles 

experience rapid changes in velocity while orbiting in the vortex with faster velocities near the channel center   

(Fig. 1C).  

 

 
Figure 1: Particles Orbit in Stable Trajectories in Laminar Microvortices. (A) Schematic of microfluidic device with 

a straight channel consisting of an expansion-contraction region where particles are passively trapped in the vortex 

chamber. (B) Time-lapse high-speed image of an orbiting glass particle.  Elapsed time is ~6.1ms. (C)  Particles 

experience rapid changes in velocity while orbiting in the vortex: faster velocities near the channel center.  
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Figure 2: Dependence of Capture Efficiency on Geometrical Parameters and Flow Conditions.. (A) Size-dependence 

of particle trapping with H=54µm. Effective trapping observed above 15µm and flow rates of 300µL/min. (B) Effect 

of H and Q on particle trapping. Effective trapping observed at H≤54µm. Stability of trapping increases with lower 

heights (C,D) Effect of reservoir width ratio over main channel width and reservoir length on particle trapping. 

Effective trapping observed at reservoir ratio of 15 and length of 720µm. 

 

 
Figure 3: Orbit Characteristics are Independent of Particle Density. Using same-sized particles of different 

densities,  oil droplets (0.8g/cm
3
), PDMS beads (1.03g/cm

3
) and glass beads (2.6g/cm

3
), no significant difference 

was found between (A) orbit size, (B,C) maximum velocity, or (D) orbit perimeter. These results demonstrate that the 

centrifugal force is not a dominant factor in particle maintenance. 

 

RESULTS AND DISCUSSION 
The efficiency of trapping depends in a complex fashion on system parameters (Fig. 2A-D).  We found that 

optimal trapping was observed for particles above 15µm, a channel height of H=54µm, reservoir width ratio of 15 and 

reservoir length of 720µm (Fig. 2A-D).  More importantly, we found that the vortex trapping depended on system 

parameters non-linearly.  For example, trapping did not monotonically increase with reservoir width ratio, displaying 

a local minimum in trapping at a ratio of 20.   These behaviors were not explained with our previously developed 

model describing entry and maintenance in vortices. 

To better understand particle maintenance, we evaluated several potential hydrodynamic forces acting on single 

particles in microvortices: shear gradient lift force, Saffman lift, and centrifugal force [2,3].  First, we 

experimentally demonstrated that particles with densities different than the suspending fluid (ρoil droplets=0.8g/cm
3
, 

ρPDMS beads=1.03g/cm
3
 and ρglass beads=2.6g/cm

3
 versus ρfluid=1g/cm

3
) follow similar orbital trajectories and velocities 

(Fig.3A-D).  This behavior emphasizes that Saffman lift and centrifugal force do not lead to an outward directed 

force that is responsible for particle escape.  
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Thus, the dominant mechanism responsible for both inward and outward directed forces that create stable particle 

orbits is the shear-gradient lift force, Fs, (Fig. 4A-C) dependent on the local second derivative of the velocity and 

inertia of the fluid in microfluidic systems [4]. Particle velocities (measured from experimental results) mapped over 

the fluid velocity profiles at two channel heights (H=13, 27µm) show that stable orbits correspond to inflection 

points in fluid velocity, where the shear-gradient and corresponding force changes sign (Fig. 4B,C). This insight 

gives improved intuition for developing far-ranging particle trapping applications by modifying the shape of the 

velocity field for more predictable vortex trapping systems. 

 

 
Figure 4: Shear Gradient Lift Force (FS) Alone Can Result in Stable Orbits of Particles in Vortices. (A,B) 

Schematics of microvortex chamber used in numerical simulation where the velocity line profile (dashed-line) was 

extracted at H=27µm, 13µm. (B) Schematic showing direction of Fs pointing away and towards the vortex center. 

(C) Particle velocities (experimental) plotted over fluid velocity line profiles. Particles closer to the channel center 

experience higher velocity and occupy equilibrium positions closer to the wall (H=13µm) while particles closer to 

the channel wall are slower with equilibrium position at H=27 µm. 
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ABSTRACT 
   This paper demonstrates the dynamic stressing of viscous liquids in microfluidic channels. An infrared laser 
pulse is focused within the testing liquid in a microfluidic channel and a spherical shock wave near the interface is 
created. The shock is reflected by the free surface due to acoustic impedance mismatch. The displacement of the free 
surface in hundred nanoseconds is captured by a developed double-exposure optical system. The tensile strength can 
be estimated by using a series of results from different distances between the bubble and the free surface. This study 
has a great potential in the optical breakdown of biomaterials. 

KEYWORDS 
   Dynamic rupture, viscous liquid, double-exposure

INTRODUCTION 
The tensile strength of liquids has been investigated for hundreds of years since the pioneer work of Berthelot 

[1-5]. It is affected by many physical properties of liquids and one of them is shear viscosity. Several studies have 
been conducted to investigate the relation between the tensile strength TS and the shear viscosity µ [6-9]. All results 
can be expressed as TS~ µn, but the value of the exponent n is 0.2 in Ref [6] and 0.1 in Ref [7-8]. However, the use 
of a large volume of liquids introduces heterogeneous nucleation, which causes a remarkable decrease of the tensile 
strength. Recently, a dynamic stressing method by using a microfluidic platform has been developed and the rupture 
of water has been observed with very strong tensile waves [10]. The decreased volume of the liquid and the 
nanosecond dynamic process significantly increases the probability of the homogenous nucleation. In this paper, a 
double-exposure technique is developed to investigate the dynamic rupture of viscous liquids in microfluidic 
channels. The tensile strengths of four glycerol-water solutions with different viscosities are measured.

WORKING PRINCIPLE 
A technique to estimate the tensile strength of liquids is illustrated in Fig 1. An IR laser pulse is focused into the 

testing liquid in a microfluidic channel and a shock wave is formed due to the optical breakdown. The shock wave is 
reflected by the free surface since the acoustic impedance mismatch between the testing liquid and air. Double 
exposure picture photograph is used to capture the deformation of the free surface. In one-dimensional analysis, the 
shock wave velocity propagates as P/ρU. Hence, the water detaches the free surface at an initial velocity of 2P/ρU. 
The contribution of the reflected negative shock wave is TS/ρU. Therefore, the initial velocity V0 of the deformed 
free surface is expressed as [9] 

�
�
� �� ��⁄ ��� � �����                                   (1) 

where P is the maximum pressure of the laser pulse, TS is the negative pressure induced by the reflected shock wave, 
ρ is the density of the water, and U is the velocity of shock wave. Using the double exposure technique, the 
deformed free surface can be observed two times (the solid and dash lines) and the value of V0 for different distances 
under the same laser pulse energy can be calculated. By extrapolating to zero velocity, TS = 2P, the tensile strength 
of the testing liquid can be estimated.  

   
       Figure 1: Illustration of liquid in microchannel   Figure 2: Schematic of experimental setup  
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Figure 3: Double-exposure images of dynamic stressing of water under a distance of (a) 113.4 µm and (b) 71.5 µm. 
 
The double-exposure experimental setup is shown in Fig. 2. The testing liquid is partially filled in a 

polydimethylsiloxane microchannel with a height of 85 µm and a width of 400 µm. An Nd:YAG laser creates single 
laser pulses at 1064 nm (infrared/IR, 7 ns duration) of 1.40 ± 0.05 mJ energy and 532 nm (green, 6 ns duration). The 
IR pulse is focused within the testing liquids (40×, NA = 0.8). The green pulse as the illumination light is split into 
two beams by a 50:50 beam splitter and the time delay between the two beams can be controlled by adjusting the 
length difference of the two optical fibers. DI water and glycerol are measured and the dynamic viscosities are 1.005 
and 1250 mPa·s, respectively. 

 
RESULTS AND DISCUSSIONS 

Figure 3 shows two images of the dynamic stressing of water. As shown in the images, the bright spot is the 
emission of the plasma and two spherical bubble walls at t1 and t2 are captured simultaneously in a single image. t1 
and t2 are controlled by the length of optical fiber (30 m and 50 m in this paper) and the time interval is 156 
nanoseconds in this case. The shock front is reflected by the free surface due to the acoustic impedance mismatch 
between water and air. The dash arc shows the reflected shock at t1. The free surface is deformed by the shock 
loading. The distance between the bubble and the free surface is 113.4 µm and 71.5 µm, respectively, for Fig. 3(a) 
and (b). With larger distance, the deformed distance in the same time interval is smaller.  

To determine the pressure distribution with the shock, the bubble dynamics in liquid droplet is firstly examined. 
A water /glycerol droplet on a glass slide is used as the testing medium. The time evolutions of the bubble radius in 
DI water and glycerol droplets are plotted in Fig. 4 (a). The error bars show the standard deviation of six distinct 
experimental results. The radii increase with time for both fluids. But the radii of bubble in glycerin droplets are 
always smaller than that in DI water droplets at the same time. This is due to the fact that the viscosity damps the 
bubble growth. The evolution of the shock front and the bubble wall in water is plotted in Fig. 4(b). The shock 
dynamics is simulated by solving the multicomponent Euler equations (2D with azimuthal symmetry) and the 
thermodynamic state is governed by Tait equation of state along an isentrope. The initial bubble radius is 12 µm and 
the initial bubble pressure is 6 GPa. The simulation and experimental results agree very well with each other as 
shown in Fig. 4(b).  

The pressure distribution for different time points after optical breakdown is plotted in Fig. 5(a) as a function of 
the distance x between the bubble and the shock front. The peak pressure decays at a rate of x-1.25 in the simulated  

 

Figure 4: (a) Bubble radius in DI water and glycerol droplets as a function of time. (b) Simulation and experimental 
results of shock front and bubble wall in water. 
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Figure 5 (a) The simulated pressure distribution 0, 12, 24, 36, 48, 60 and 72 ns after the optical breakdown. (b) 
Measured free-surface deformation velocity as a function of the distance between the bubble and free surface. 

range (from 80 µm to 300 µm). The pressure P at any distance r can be estimated by using the simplified equation 

� = 7.5	 × 10
����.��                                   (2) 

where r is the distance in micrometer. 
The results of the free surface deformation velocity as a function of the distance between the bubble center and 

the free surface are plotted on a “log-log” scale in Fig. 5(b). The error bars show the standard deviation of six 
distinct experimental results. Extrapolations to the measurement accuracy, 6.37 and 6.37 m/s (for V0 ~ 0), give the 
values of 4137.3 µm and 511.3 µm for DI water and glycerol, respectively. This predicts the tensile strength of DI 
water and glycerol are 34.8 MPa and 61.7 MPa, respectively. This means that the tensile strength increases with the 
increase of the viscosity. 
 
CONCLUSIONS 

In conclusion, the dynamic rupture of viscous liquids is investigated by using a microfluidic platform. A 
double-exposure optical system is developed to capture the deformation of the free surface. The pressure distribution 
is obtained by numerical simulation. The tensile strength can be estimated based on the displacement of the free 
surface and the pressure distribution. Two liquids, DI water and glycerol, are tested. The tensile strength of glycerol 
is larger than that of DI water. These clearly suggest that the viscosity has a huge effect on the bubble nucleation. 
This study has a great potential in the optical breakdown of biomaterials. 
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ABSTRACT 

This paper reports how secondary flow behaves in centrifugal microfluidics, and how we demonstrated the 
controlling of the flow behavior. We observed the secondary flow in a microchannel on a centrifugal microfluidics. 
The microchannel is patterned along the edge of the disk. While the contribution of Dean force on the generation of 
secondary flow is expected, however we conclude that the Coriolis force is major force to induce the secondary flow. 
To estimate the possibility of secondary flow controlling, centrifugal microfluidic devices are developed for the 
investigation of secondary flow behaviors. As the result of series of investigations, we found out that the secondary 
flow can be controlled by changing spinning rate. 
 
KEYWORDS 

secondary flow, centrifugal microfluidics, Coriolis force.  
 

INTRODUCTION 
In the recent development of microfluidics, the use 

of secondary flow in curved microchannel with high 
flow rate is explored for the new science and technology, 
especially for the application of particle separation. [1-4] 
For example Ali Asgar S. Bhagat et al. applied Dean 
Flow Fractionation (DFF) for the isolation of large 
particles from a suspension of various particles mixture. 
[2] Xiaole Mao et al. realized three-dimensional 
hydrodynamic focusing on a planar microchannel 
network by utilizing Dean flow. [4] 

Beside, Dean force-induced secondary flow is the 
typical origin of secondary flow in general microfluidics, 
however it has been reported that the resemble secondary 
flow is observed in the studies of centrifugal 
microfluidics. J. Ducree et al. reported Coriolis force 
induced secondary flow on centrifugal microfluidics. [5, 
6] They applied this phenomenon on multilamination of 
flow for micromixing. For the application of this 
secondary flow, to understand the difference of flow 
characteristics between Dean force-induced and Coriolis 
force induced secondary flow and to estimate the 
possibility of controlling the flow behavior is important 
for development of new applications. In this paper, we 
designed microchannel consist of radial and circular 
arrangement for the controlling of secondary flow, and 
we investigated the difference of secondary flow 
behavior by the difference of spinning speed of disk and 
flow rate. Finally we demonstrated flow mode switching 
of the secondary flow by switching spinning speed from 
low speed to high speed. 
 
EXPERIMENT 

Fig. 1 shows schematic illustration and photograph of 
the microfluidic chip, which we designed for the 
experiment. To change flow speed in the same spinning 
speed, the length and width of radially arranged 
microchannel (resistivity control part) is designed in 
variations. The dimension of circular channel part is 
designed to be same for all chips. 

Victoria blue and Safranine are purchased from 
Sigma and Wako respectively. They are diluted in 
distilled water with concentration of 0.1% in weight to 
obtain blue color and red color ink. Poly- dimethylsiloxane (PDMS; Silpot 184) is purchased form Toray 
dowcorning. Commercially available blank CD media is used as a substrate of the device. To obtain clear transparent 
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Figure 1. Schematic illustration and photograph of 
microfluidic chip. Flow speed is controlled by 
changing width and length of resistivity control part. 
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Figure 2. Observed secondary flow behavior in 
microchannel. Channel dimensions and Re number 
are set at same. Other conditions are as follows. (a) 
1500 rpm, De = 5.8 (b) 0 rpm, De = 5.8 (c) 1500 
rpm, De = 0 
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disk, coating film was peeled off as follow. The coating 
film of the CD was cut with knife and the coating film 
was peeled by adhesive tape. Then the disk was cleaned 
using ethanol followed by rinse with water. Finally white 
adhesive tape is pasted on the surface of CD for better 
visibility of observation with strobe scope. Thick 
negative photoresist (SU-8) and SU-8 developer was 
purchased from Nipponkayaku Co., Ltd.. 4-inch silicon 
wafer was used for the prototyping of SU-8 mold. The 
pattern of the device was designed using Auto CAD and 
converted into Adobe Illustrator file. The converted data 
was printed on the transparent film with commercial 
high-resolution printing service.  

A microfluidic device made of PDMS (3 mm in 
thickness) are fabricated by the conventional 
softlithography method. [7] First of all, the SU-8 mold 
pattern was fabricated on the silicon wafer as follows. 4 
inch silicon wafers were hard baked on a hot plate more 
than 5 min at 200 oC and SU-8 (3050) is spincoated to 
obtain 100 um thick photoresist film. Then the substrate 
is baked for 1 min at 65 oC and 45 min at 95 oC to obtain 
dry film of monomer. Then the film of SU-8 is exposed to UV light using prepared photomask for 45 sec. The 
exposed substrate is baked for 1 min at 65 oC followed by 5min at 95 oC for the polymerization of exposed SU-8. 
The baked substrate is immersed into SU-8 developer and rinsed isopropylalchol finally dried with gentle nitrogen 
stream. PDMS monomer and catalyst were mixed with mass ratio of 10:1 in and pored on the SU-8 mold and baked 
at 75 oC for 1.5 hr. The polymerized PDMS film (3 mm in thickness) was peeled form the substrate and cut along the 
designed shape with knife. The liquid reservoirs and air vent holes were punched with puncher. 

The experiments are initialized as follows. The PDMS chips were cleaned with ethanol and water. The water 
droplets are blown off by nitrogen splay, and the chips are left few tens minutes for the complete drying. The PDMS 
chips are attached onto the CD by utilizing self-adhesion of PDMS. The maximum rate that can be applied in the 
experiment is 3000 rpm. Then all fluidic channel is filled with distilled water and blue ink and red ink samples (20 ul 
in volume) are loaded into the left hand inlet (L1) and right hand inlet (R1). All reservoirs are sealed with adhesive 
tape. The device is placed in a custom-made spinner and spun at a constant rate ranging 1000 to 3000 rpm. The 
acceleration of the spinning is 5000 rpm/s. 

To analyze the significance of secondary flow, we implemented two kind of analysis. To visualize the flow 
behavior on the spinning disk we developed strobe scope system as generally used in the development of centrifugal 
microfluidics. [5, 6] For more quantitative discussions we corrected mixture of the inks from the sample correction 
reservoirs (L2 and R2). The recovered mixtures are diluted 100-times and absorbance spectrum is measured. The 
absorbance spectrum of the mixture was analyzed based on standard spectrums of blue ink and red ink by using 
solver function of microsoft excel. 
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Figure 3. Simulated flow behaviors. The figures on 
left hand are bird-eye view and right hand are 
corresponding concentration distribution and flow 
vectors in cross-section. The flow rate in all 
simulation was assumed to be 14 ul/sec. 

400 500 600 700

A
b

so
rb

a
n

ce

Wavelength [nm]

400 500 600 700

A
b

so
rb

a
n

ce

Wavelength [nm]

400 500 600 700

A
b

so
rb

a
n

ce

Wavelength [nm]

400 500 600 700

A
b

so
rb

a
n

ce

Wavelength [nm]

400 500 600 700

A
b

so
rb

a
n

ce

Wavelength [nm]

! "#
$%
&#
'(
)*
�

+,-�

.+++!&/0�1-++!&/0�1+++!&/0�2-++!&/0�2+++!&/0�

34
%5

!&'
6*
�

789:�

;%5�

Figure 4.  Measured absorbance spectrum of corrected ink in sample flows in L2 reservoir. Origin of peak 
around 500 nm is Safranine and 610 nm is Victoria Blue. Three experiments are carried out for each conditions. 
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RESULTS 
Figure 2 shows observed secondary flow behaviors in the 

microchannel. Figure 2 (a) and 2 (c) are taken under spinning condition 
at 1500 rpm and both of them exhibit twisting of the flow due to 
secondary flow. However, in case of fig. 2 (b), which taken under same 
flow rate without spinning, does not exhibit secondary flow at all. 
These observations suggest that the Dean force, which arise from
centrifugal force due to the curve of the microchannel, does not have 
significant contribution to induce the secondary flow but the other kind 
of force arise from spinning of the CD have (e. g. Coriolis force). 

Figure 3 shows simulated result of flow behavior, which carried out 
by considering Coriolis force as volumetric force. The result agrees 
with observed flows suggesting contribution of Criolis force on the 
secondary flow. Fig. 4 shows mixing ratio of inks of corrected samples 
in L2 reservoir (see fig. 1) and corrected sample ratio depends on both 
of flow rate and spinning speed. Thus we conclude that the secondary 
flow is induced by Coriolis force and it is possible to control by 
controlling flow rate and spinning speed. For example, in the case of 
relatively low flow rate and slow spinning speed (0.096 ul/sec, 1000 
rpm) the 90% of the content is red color suggesting suppression of 
secondary flow, however in the case of relatively high flow rate and 
high spinning speed (3000 rpm, 0.888 ul/sec) more than 60% of the 
content is blue color suggesting significant secondary flow.  

Series of the experiments enables to build up knowledge and experience to control and design the secondary flow 
behavior in the centrifugal microfluidics, owing this we currently succeeded in to control the flow switching on the 
same platform using change of spinning speed as shown in fig. 5, which expected to contribute on applications such 
as continuous cell separation, and interface reactions. 

 
CONCLUSIONS 

We have investigated the origin of secondary flow and conclude that the observed secondary flow behavior is 
generated due to the major contribution of the Corioli’s force while Dean force is not significant. Therefore it is 
controlled by the control of spinning speed and flow rate because Coriolis force is proportional to both of them. 
However secondary flow is more sensitive to the spinning speed than flow rate. Finally we successfully 
demonstrated the flow mode switching of the secondary flow. The knowledge of the laminar stability on the 
centrifugal microfluidics built in this study can be a foundation of new development of application of centrifugal 
fluidics in the chemistry and biological process such as separation science.  
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separation mode (1000 rpm) (b) 
Secondary flow switching mode (3000 
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ABSTRACT 
    We introduce full three-dimensional tracking of particles in an acoustophoresis microchannel using 
Astigmatism Particle Tracking Velocimetry (APTV) [1]. For the first time the interaction between acoustic streaming 
and the primary acoustic radiation force in microchannel acoustophoresis are examined in three dimensions. We 
have quantified the velocity of particles driven by the primary acoustic radiation force and acoustic streaming, 
respectively, using 0.5-µm and 5-µm particles. Increased ultrasound frequency and lowered viscosity of the medium 
reduced the influence of acoustic streaming relative to the influence from the acoustic radiation force. The current 
study opens the route to optimized acoustophoretic system design and operation to enable manipulation of small 
biological components such as spores, bacteria and viruses.  
 
KEYWORDS 
Ultrasound, Acoustic streaming, Acoustic radiation force 

 
INTRODUCTION 

An ultrasonic standing wave in a particle suspension inside a microchannel drives, via radiation forces, an 
acoustophoretic motion of the particles in the horizontal xy-plane, (Fig. 1a). The acoustic field inevitably also 
induces 3D acoustic streaming of the suspending fluid itself, (Fig. 1b). For larger particles, e.g. cells or microbeads, 
the streaming motion is slow in comparison to the velocity induced by the acoustic radiation force. For small 
particles however, e.g. bacteria and virus particles, the Stokes drag from acoustic streaming is the dominating 
velocity component. We have previously investigated the interplay between acoustic radiation forces and acoustic 
streaming, but limited to the xy-plane using conventional top-view micro particle image velocimetry (µPIV) [2].  

 
a 

 

b 

 
Figure 1. (a) A schematic of the acoustic radiation force (violet line) on a spherical particle in the transverse cross 

section of an acoustophoresis channel. The acoustic radiation force is induced by the harmonically oscillating 
first-order velocity field (black arrows). (b) A schematic of the theoretical prediction by Rayleigh (1884) for acoustic 

streaming (red arrows) also induced by the first-order acoustic velocity field. The streaming originates from 
dissipation of acoustic energy in the thin acoustic boundary layers (green dashed lines). 

 
EXPERIMENT 

Suspensions of polystyrene particles (diameters 0.5 and 5 µm) were exposed to an ultrasound resonance in a 
rectangular cross section acoustophoresis microchannel [3]. Microscope images of a 1-mm long section of the 
channel were analyzed. The acoustophoretic motion of the particles was tracked using APTV. The effect of 
frequency and suspending medium on the relative streaming component for small particles was characterized using 
conventional µPIV at mid height in the channel for particles ranging from 0.6 µm to 10 µm.  
 
RESULTS AND DISCUSSION 

Figure 2a shows the measured acoustic streaming rolls as projected on the vertical yz-plane of the channel for 
0.5-µm beads. Clearly, the acoustic radiation force has minimal influence on the trajectories. Figure 2b shows the 
measured acoustophoretic motion of the 5-µm particles in the same acoustic field. The particles are subject to a 
vastly larger acoustic radiation component and reach the channel center shortly after the onset of sound. In the 
vertical z-direction there is no acoustic radiation force, and the particles will thus follow the acoustic streaming rolls 
and end up near the floor or ceiling of the channel. Figure 3 shows experimental evidence that an increase in 
frequency diminishes the influence of acoustic streaming as predicted by theory. Also, a medium of higher viscosity 
makes acoustic streaming more pronounced. 
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a 

 

b 

 

Figure 2. (a) Streaming motion of 0.5-µm polystyrene beads as measured by APTV. For sub-micron beads the 

acoustic radiation force is negligible compared to the Stokes drag force through the acoustic streaming. The 

measured streaming rolls display similar pattern as predicted from theory (Fig. 1b). (b) Motion of 5-µm polystyrene 

beads in the same acoustic field as in (a), as measured by APTV. First, the acoustic radiation force translates beads 

along y to the center of the channel. Thereafter, beads are pushed towards the channel floor and ceiling by the 

acoustic streaming since the acoustic radiation force has no component along z in this acoustic field. 

 

  
Figure 3. Velocity for 1, 2, 3, and 5-µm beads as measured by standard 2D µPIV at z = h/2. The bead velocities 

are normalized to the velocity ua
*
 of 10-µm beads, where the acoustic streaming is negligible. When the frequency is 

doubled from 1940 kHz (blue triangles) to 3900 kHz (black squares) the radiation force increases and the influence 

of the streaming decreases. Increasing the viscosity of the suspending medium (glycerol 25%, red circles) leads to a 

decrease of the particle velocity induced by the acoustic radiation force and thus the influence of the streaming 

increases. 

CONCLUSIONS 

We have examined the interaction in three dimensions between acoustic streaming and acoustic radiation inside 

an acoustophoresis microchannel using three dimensional APTV. Better understanding of this interplay may enable 

new separation strategies for small (≤ 2µm) biological components. The study aims at lowering the limiting particle 

size in microchannel acoustophoresis below the characteristic sizes of bacteria and viral particles. 
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ELECTRIC-FIELD INDUCED TIP STREAMING FOR 
SUB-FEMTOLITER DROPLET FORMATION 
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ABSTRACT 
This paper presents a novel droplet formation scheme that can electrically generate sub-femtoliter droplets in a 

desired manner. Typical pressure-driven flow-focusing scheme is enhanced by an AC electric field, which deforms 
the fluidic interface and causes droplet breakup around the tip. In the prototype demonstration, PDMS microfluidic 
devices with embedded alloy electrodes are fabricated and characterized. Alternating electric fields with frequencies 
up to 1 kHz and magnitudes less than 1 V/μm are utilized in the trials. It is demonstrated that the emulsification 
process is controlled by the applied electric field, and extremely-small droplets with volumes less than 1 femtoliter 
can be readily generated and collected. 
 
KEYWORDS 
Tip streaming, Droplet formation, Electrokinetic effect, Pressure-driven flow, Flow focsuing. 

 
INTRODUCTION

Droplet-based microfluidic systems have recently attracted significant interest because of their potential impacts 
on diverse chemical and biological applications [1]. Droplet formation is the starting point and often the most critical 
function of a droplet-based system [2]. Most of the existing systems employ passive schemes, which are simple and 
self-regulated but insufficient for precise and real-time control. It is known that a suspended droplet can be deformed 
in an electric field [3] and charged droplets can be manipulated electrically [4]. To address the need for better and 
more general controllability on droplet formation, this paper presents a scheme that utilizes AC electric fields to 
enhance the emulsification process. As such, the demonstrated scheme could potentially realize the controlled 
formation of extremely-small droplets, which is desired for a variety of applications. 

 
OPERATING PRINCIPLE 

A schematic illustration of the proposed droplet formation scheme is shown in Figure 1. Typical flow-focusing 
scheme is enhanced by an AC electric field. The continuous- and dispersed-phase fluids are driven by pressure 
sources with independent control. Initially, the dispersed-phase fluid is stopped in front of the diverging channel. 
Once an above-threshold electric field is applied, the front end of the dispersed-phase fluid is deformed accordingly. 
The electric Weber number [5], which represents the ratio of deforming electric force to restoring interfacial force, is 
utilized to characterize the deformation. The electric force behaves like that an additional pressure is applied to the 
dispersed-phase fluid, which is driven into the diverging channel and broken into droplets. If an even higher electric 
field is applied, the dispersed-phase fluid ejects tiny droplets at its sharp pointed end. As such, droplet breakup can 
be controlled electrically. In the prototype demonstration, PDMS molding and bonding processes are employed to 
fabricate the microfluidic systems. Magnetically-responsive, carbon-coated iron nanoparticles (~30 nm in diameter) 
are dispersed in a low-melting-temperature In52/Sn48 alloy. As illustrated in Figure 2, Fe-In52/Sn48 alloy is melted 
by induction heating and vacuum molded into micro-channels to form the desired solid electrodes. It is heated up to 
120°C and melted, while the surrounding PDMS substrate is warmed up to about 60°C. In 3 minutes, the desired 
solder electrodes are integrated into the PDMS microfluidic chip. 

 

 

Fig. 1: Schematic illustration of the proposed droplet 
formation scheme 

Fig. 2: Schematic illustration of the induction heating, 
vacuum molding process for solid electrodes 
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EXPERIMENT 
In the prototype demonstration, the electrode molding process is operated on top of an induction cooker 

(Panasonic JC-615), which serves as a magnetic field generator. The photograph of a fabricated PDMS chip is shown 
in Figure 3. In the emulsification trials, aqueous solutions are dispersed in oleic acid with 5 wt% PGPR 90 to form 
water-in-oil emulsions. The function of PGPR 90 is to lower the interfacial tension and stabilize the emulsions. 
Meanwhile, the required electric-field strength for droplet breakup is also reduced. The two fluids, an aqueous 
solution and oleic acid, are driven by an air compressor with independent pressure control. Alternating electric fields 
with frequencies up to 1 kHz and magnitudes less than 1 V/μm are utilized in the trials. Figure 4 illustrates an 
observed emulsion process with a resulting droplet volume less than 1 femtoliter. By periodically applying the 
required electric field, droplets can be generated repeatedly and consistently. An AC electric field causes droplet 
breakup around the tip, while the breakup frequency is identical to the field frequency. 

 

  
Fig. 3: Photograph of a fabricated PDMS device Fig. 4: An observed emulsification process 

 
RESULTS AND DISCUSSION 

As illustrated in Figure 5, dripping produces monodisperse droplets close to the entrance of diverging channel at 
low frequencies. The electric force drives the dispersed-phase fluid into the diverging channel, and then the 
continuous-phase fluid breaks it into droplets. The process is similar to flow focusing, while electric field is 
integrated as an extra driving approach. It is found that the emulsification process is controlled by the frequency and 
magnitude, as illustrated in Figure 6 and 7. By increasing the frequency and magnitude of the applied field, the 
resulting droplet volume is reduced. 

 

 
Fig. 5: A 10-Hz droplet formation sequence observed in a 0.2 V/μm electric field 

 

1E-16

1E-15

1E-14

1E-13

1E-12

1E-11

0.1 1 10 100 1000

D
ro

pl
et

 V
ol

um
e 

(L
ite

r)

Frequency (Hz)

E-field=0.1935V/um
E-field=0.2709V/um
E-field=0.3870V/um

1E16

1E15

1E14

1E13

1E12

1E11

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

D
ro

pl
et

 V
ol

um
e 

(L
ite

r)

Electric Field (V/um)

Frequency=10Hz
Frequency=100Hz
Frequency=1000Hz

Fig. 6: Relationship between e-field frequency and 
droplet volume with varying e-field magnitude 
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In contrast, tip streaming produces much smaller droplets at high frequencies, as illustrated in Figure 8. It is 
found that the rapid action of the electric field deforms merely a small portion of the interface, and the 
dispersed-phase fluid ejects tiny droplets at its sharp pointed end. The ejection drives the resulting droplet moving in 
a velocity much higher than the flow velocity of the continuous-phase fluid. By increasing the frequency and 
magnitude of the applied field, the resulting droplet volume is reduced. At a frequency about 1 kHz and a magnitude 
above 0.3 V/μm, droplets with volumes less than 1 femtoliter is readily generated and collected. 

 

 
Figure 8: A 100-Hz droplet formation sequence observed in a 0.2 V/μm electric field 

 
CONCLUSION 

We have successfully demonstrated a novel droplet formation scheme that is capable of electrically generating 
sub-femtoliter droplets in a desired manner. Typical pressure-driven flow-focusing scheme is enhanced by an AC 
electric field, which deforms the fluidic interface and causes droplet breakup around the tip. In the prototype 
demonstration, PDMS microfluidic devices with embedded alloy electrodes are fabricated and characterized. 
Alternating electric fields with frequencies up to 1 kHz and magnitudes less than 1 V/μm are utilized in the trials. It 
is demonstrated that the emulsification process is controlled by the applied electric field, and extremely-small 
droplets with volumes less than 1 femtoliter can be readily generated and collected. As such, the demonstrated 
scheme could potentially realize the controlled formation of extremely-small droplets, which is desired for a variety 
of chemical and biological applications. 
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ABSTRACT 
    We report a new method to actively control the size of droplets in a microfluidic flow focusing device through the use 
of electrodes which are not in contact with the fluids. The proposed electrical control is able to change the size of the 
droplets in the order of millisecond and also to manipulate the size of the droplets formed at single droplet level.    
  

KEYWORDS 
Microfluidics, droplets, flow focusing, active control  

 

INTRODUCTION 
Droplet-based microfluidics is an attractive tool for many biochemical applications as it allows discrete volume of 

fluids to be individually handled and manipulated. Each generated droplet can act as an independent micro-reactor in 
which bio-chemical reactions can be processed within the droplets at high throughput. However, the full exploitation of 
the potential is currently limited as only a single droplet size can be produced at fixed flow rates [1]. Hence, greater 
control of droplet sizes is needed to realize the full potential and the usefulness of droplet-based microfluidics, for 
material synthesis or biotechnology applications. 

Electrical control of droplets offers a good way to manipulate droplet sizes due to the fast and robust response of the 
droplets to the electric field. It was first reported by Link et al [2] using a microfluidic flow focusing device. It 
demonstrated that by charging the fluids, electrical forces can be used to decrease the size of the droplets. Subsequently, 
using a similar geometry but by inserting metals directly into the microchannels, Kim et al [3] also show a decrease in 
the size of the droplets with the increase in voltage. Following these works, Malloggi [4] and Gu et al [5] used an 
electrowetting-enhanced system to decrease the size of the droplets. This is achieved by tuning the wetting contact angle 
of the dispersed phase fluid through the increase in voltage. However in the above, several underlying drawbacks limit 
the use of them in biological applications or using droplets as microreactors. The direct contact of the metal with the 
fluids raised fears of possible contamination and the charging of the fluids produces unwarranted electrochemical 
reactions which interfere and disrupt the stability of the content of the droplets. In addition, the above reported methods 
also do not address the manipulation and control at single droplet level. 

To address the above issues, we developed a new method of droplet size control using electrodes which are not in 
contact with the fluids. The system is able to tune the size of the droplets in the order of milliseconds and also control the 
size of the droplets at single droplet level.  

  

EXPERIMENT 
Our electric droplet microfluidic system is fabricated using standard photo- and soft-lithography techniques. 

Rectangular electrodes with a separation distance of about 170µm are incorporated into the system by filling the 
microchannels with a low melting temperature metal alloy (Indalloy 19, Indium Corporation, Tm~70°C). No alignment of 
the electrodes is needed as the microchannels form both the fluidic channels and the templates for the electrodes. The 
schematic and optical micrograph of the device is shown in figure 1. A cross-junction microfluidic channel of 100µm 
width and depth 35µm is used to form droplets by flowing two immiscible fluids into separate microchannels at fixed 
flow rates via syringe pumps (neMESYS, Cetoni). The dispersed phase (DP) fluid flows in the centre channel (Deionized 
water) while the continuous phase (CP) fluids (Mineral oil (M5904), 5% wt/wt SPAN 80, Sigma Aldrich) flow in the two 
side channels. Alternating voltages generated using a signal generator (33210A, Agilent) and amplified using a high 
voltage amplifier (623B, Trek) are then applied to the top pair of electrodes to exploit electrical forces to control and 
manipulate the size of the droplets formed.  
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Figure 1: (a) Schematic sketch of the microfluidic device used. (b) Optical image of the geometry used. 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1486



RESULTS AND DISCUSSION 
In the absence of electric field, water-in-oil (W/O) droplets are formed mainly in the squeezing, dripping or jetting 

regime depending on the capillary number (Ca) of the system which is determined by the flow rates used. The measured 
diameter of the droplets formed agrees and scales well to past literatures. In the presence of electric field at fixed flow 
rates of CP:DP:CP (200:50:200 µl/hr), we demonstrated that the size of the droplets produced decreases with the increase 
in applied voltage (Figure 2a). The droplets produced are highly monodisperse with a standard deviation of less than 5%. 
A change in the droplet formation regime squeezing/dripping to jetting was also observed between 500 to 700 Vpp 

without changing the applied flow rates (Figure 2a inset). This change is mainly due to the reduction of effective 
interfacial tension owing to the Maxwell stress during the application of electric field. For low conductivity dispersed 
fluids (C=0.316 µS/cm), changing the frequency from 10 to 50 kHz only leads to slight differences in the size of the 
droplets formed and in  the observed droplet formation regime (Figure 2a). We also observed that the electric control of 
the droplet sizes depends significantly on the flow rates used (Figure 2b). At a fixed flow rate ratio of 8 but different total 
flow rates, the decrease in the size of the droplets reduces drastically as the total flow rate increases from 315 to 1125 
µl/hr. At total flow rate of 2250 µl/hr, the size of the droplets produced remains fairly constant when the applied voltage 
increases. This dependence is due to ratio of the viscous forces to the capillary forces and also the location where the 
droplets are formed in the absence of the electric field.  
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Figure 2(a) Effect of different applied frequency. (b) Effect of using different total flow rates at a fixed ratio of 8. In both 
experiments, alternating voltages (sinusoidal wave) are applied to the top pair of electrodes while the bottom pair of 

electrodes and the ITO plate is grounded. 
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In order to demonstrate that single droplets can be actuated at high throughput we superimposed a modulation 
frequency to the applied voltage. Both the flow rates and applied voltage are kept constant at 250:75:250 µl/hr and 
1040Vpp respectively. A square wave of frequency between 10 Hz to 500 Hz is multiplied to a sinusoidal wave of fixed 
frequency of 50 KHz. Figure 3 shows the selected results at different modulation frequency.  
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Figure 3: Controlled generation of different number of droplets. (a)4 successive droplets, (b)3 successive droplets and 
(c)2 successive droplets. The droplets are generated at fixed flow rates of 250:75:250 µl/hr and the droplet production 

frequency is about 140 Hz. For clarity, the displayed frequency (top figures) is 2 kHz (50 kHz in experiments). 
 

When the modulation frequency is approximately equal to the droplet generation frequency, doublets of two distinct 
droplet sizes are produced. At lower modulation frequency of 70 and 80 Hz, triplets and quadruplets are generated as the 
applied frequency is lower than the droplet production frequency (140 Hz). This result demonstrated the single droplet 
manipulation which greatly enhances the usefulness of digital microfluidics in biochemical applications or as micro-
reactors. Further experiments are planned to increase the modulation efficiency by changing the duty cycle of the 
modulation or pulsating the voltage between non-zeros values in order to navigate close to the transition where small 
changes in  voltage induces larger changes of droplet sizes. Such experiments will generate a more diverse range of 
droplet patterns for the versatile control of emulsions structures and functions.  
 

CONCLUSION 
We have successfully demonstrated reliable control on the size of the droplets produced in a microfluidic flow 

focusing device using non-connected electrodes at different alternating voltages. The droplets produced are highly 
monodisperse and a transition in the droplet formation regime is also observed. At applied frequency of between 10 to 50 
kHz, negligible differences are observed. At the higher total flow rate investigated, the change in the droplet sizes is 
much smaller because the jetting regime is observed even without electric field.  

We have also demonstrated single droplet manipulation through the use of different modulation frequency. When the 
modulation frequency is approximately the same as the droplet production frequency, droplets of two distinct sizes can be 
produced in a controlled and reproducible manner. 
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THREE-DIMENSIONAL MANIPULATIONS OF NANOLITER WATER-DROPS 
ON OPEN PLATFORMS USING MAGNETICALLY CONTROLLED  

HYDROPHOBIC FERRO-DROPS 
Kai Zhang, Qionglin Liang and Guoan Luo 

Tsinghua University, China 

ABSTRACT 
Here we present a novel and extremely simple method that can manipulate magnetic label-free nanoliter water-drops using 

micro-nanoliter magnetically controlled hydrophobic ferro-drops used as magnetic mediators. Water-drops and ferro-drops 
can be dynamically connected under interface force of water/oil, allowing water-drops to be rapidly motioned on three-
dimensional open platforms and transferred through space like micro-pipette. Each generated water-drop can be selectively 
encapsulated with a drop of mineral oil for preventing evaporation and then completely transferred to surfaces of water-phase, 
oil-phase and solid-phase without any liquid residue due to magnetic repulsion.  

KEYWORDS 
Three-dimensional manipulation, water-drop, ferro-drop, open platform. 

INTRODUCTION 
Implementing reaction and analysis within nanoliter water-drop (WD) usually means less consumption of sample and rea-

gent, faster time-to-result and lower cost. Recently, open format-based droplet microfluidics (sometimes called digital micro-
fluidics) has been rapidly developed.[1] Compared with closed platforms containing microchannel network, open platforms 
could offer larger region and additional degrees of freedom, allowing WD motion on two- (2D) even three-dimensional (3D) 
platforms. Magnetically controlled WD motion is an attractive method and can be easily achieved by low-cost commercial 
permanent magnets.[2] Because WD has a very low magnetic susceptibility, usually some hydrophilic/hydrophobic magnetic 
nano/micrometer materials are added into WD in response to external magnetic field gradient. However, the adding of mag-
netic materials results in difficulty in fully transparent WD detection through optical detection and implementing high-density 
parallel operation.[3-4] Herein, we report a novel methodology that demonstrates the feasibility of 3D manipulations of mag-
netic label-free WDs by combining magnetic force with interfacial force. 

 

Figure 1. Schematic diagram and photographs of three-dimensional WD manipulation on open platform. 

EXPERIMENT 
PDMS (Polydimethylsiloxane) layer (about 100 µm thickness) was coated on five inner surfaces of polystyrene (PS) cube 

(2 cm length) as an open solid platform in Figure 1c. PTFE (polytetrafluoroethylene) film (about 1 mm thickness) was sticked 
on a glass slide in Figure 5a. Magnetic field was provided by NdFeB permanent magnet. The flow rate in Figure 2 was adjust-
ed by precise syringe pump (Harvard pump 11 plus) with a flat tip stainless needle (100 µm ID).  
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Figure 2. a) Schematic showing the whole process of WD adsorption, transfer and desorption. WD adsorption b) by soft 

tweezer and c) by rigid magnet. d) Microscope images of soft tweezer in different states involving before adsorption, 
hanging WD and after desorption. Complete WD (each 570 nl) desorption to e) water-phase (red WD), f) oil-phase (MO 

and SO), and g) solid-phase (PS and PDMS) surfaces, respectively. 

 
Figure 3. (a) A soft tweezer is forced to contact with a deionized WD and a FITC-labeled WD back and forth over 100 times, 
and then fluorescence intensity is respectively measured to demonstrate non cross-contamination. (b) Adsorption of WD using 

arrayed soft tweezers. (c) Evaporation control of WD with two compatible ways. Scale bar, 200 µm. 
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RESULTS AND DISCUSSION 

The obtained ferro-drops (FDs) had both the fluid properties of mineral oil (MO) and the superparamagnetic properties of 

Fe3O4 nanoparticle,[2] allowing them to be transported at controlled speed and direction on open platforms by magnetic at-

traction. When interfacial force of WD/FD (Fwf) was larger than friction of WD/substrate (Ff) and gravity of WD (Gw), WDs 

enabled to be moved on 3D platforms (Figure 1). The unshaped FD could be tightly adhered at magnet tips to form shaped 

FD which was called soft tweezer. Soft tweezers could be used to adsorb, transfer and completely desorb WDs to surfaces of 

water-phase, oil-phase and solid-phase without any liquid residue due to magnetic repulsion (Figure 2). This phenomenon has 

been well demonstrated by fluorescence analysis-based experiment (Figure 3a). Because shaped FDs were stable at magnet 

tips, soft tweezers could be arranged in high-density such as a straight line (Figure 3b), allowing demand to operate multiple 

WDs simultaneously. In order to decrease trouble from liquid evaporation such as concentration increase of solution, two 

compatible ways were developed to support the present method for reducing WD evaporation rate (Figure 3c). This simple 

method does not require magnetic label procedure, microelectrode patterning, microvalve integration, complicated surface 

treatment or a chip containing microchannel, and is expected to achieve various miniaturized biochemical applications. 

 

CONCLUSION 

A novel magnetically controlled method for multidimensional manipulations of microliter-picoliter magnetic label-free 

water-droplets is presented. Because interfacial force is one of widespread forces in nature and exists at all immiscible phase 

interfaces, this method is suited to handling various matter including liquid (i.e. blood, serum, tissue fluid and urine), solid (i.e. 

microparticles of polymer and metal) even gas (i.e. air bubble). And droplets can not only be transferred on three-dimensional 

open platforms but also through space like micro-pipettes. Furthermore, the platform building and operation process are very 

simple, not including microelectrode patterning, microvalve integration, complicated surface treatment and design/fabrication 

of microchannel network. These advantages suggest that this novel and general method could have wide application potentials 

including synchronized analysis/synthesis and single-cell analysis. In the future all operations might be achieved automatically 

by using programmable electromagnet.[5-6] 
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ABSTRACT 

The kinetic activity of individual enzyme molecules was determined in aqueous droplets generated in a nano- and mi-

crofluidic device. To avoid high background noise, the enzyme and substrate solution was confined into femtolitre carri-

ers to achieve single-molecule encapsulation. The tiny droplets (φ~2.5-3 µm) generated from this fluidic system were 

highly monodisperse, beneficial for an analysis of single enzyme activity. Single-enzyme kinetics has previously been 

demonstrated in the microfluidic format in PDMS containers [1], surface-immobilized droplets [2], or liposomes [3]. Sin-

gle-enzyme analysis in the droplet-based microfluidics was reported before [4] by encapsulating highly-diluted enzyme 

solution (110 fM) into large droplets (φ~40 µm). But to our knowledge this is the first demonstration of the direct method 

of single enzyme encapsulation and analysis at high enzyme concentration in tiny droplets in a microfluidic system. 
 

KEYWORDS: Microfluidics, Nanofluidics, Single Molecular Analysis, Enzyme, Droplet. 
 

INTRODUCTION 

In this work, we employ a droplet-based microfluidic technology for single-enzyme analysis by means of the encapsu-

lation of molecules of enzyme (β-glucosidase) and substrate (fluorescein-β-D-glucopyranoside; FDGlu) into tiny aque-

ous carriers in oil phase to produce fluorescence product molecules. The increase in fluorescence intensity was used to 

determine the kinetic activity of this enzyme. To reduce the background noise from the solvent and oil molecules and the 

substrate material, the aqueous solution containing enzyme and substrate molecules was compartmented as femtolitre car-

riers by use of a T-junction nanofluidic network. The increasing product molecule was later observed from the array of 

droplets in an outlet channel, consisting of a nanochannel and microchannel section (Fig.1). When the generated droplets, 

which were squeezed by the top and bottom walls of nanochannels, entered the outlet microchannel they transformed to 

spherical shape which is more stable than the squeezed shape for prolonged measurement. 

 
Figure 1: Schematic of the droplet generator using a micro-and nanofluidic network. The depths of nanochannel and 

microchannel are around 500 nm and 3 µm, respectively.  
 

EXPERIMENTAL 

The micro- and nanofluidic system was produced from Borofloat glass substrate by a standard etching technique and 

hydrophobized using a published procedure [4]. A dispersed phase containing β-glucosidase (0.1 nM), FDGlu (200 µM) 

in PBS solution (pH 7) and a continuous oil phase (silicone oil with 4% Span80) were individually loaded into the fluidic 

system by a syringe pump (Fig.1). After a large amount of generated droplets entered the outlet channel, the flows of 

aqueous and oil solutions were stopped. Subsequently, the array of droplets was imaged by using a high sensitive 

EMCCD camera. The fluorescence intensities in each droplet were later determined by software. The data from droplets 

ranging from 2.5–3 µm in diameter were counted for this analysis. In the experiment in the presence of an anti-oxidant 

reagent, (n-propyl gallate; nPG, 5% w/v) was added to the aqueous solution before injection to the fluidic device. 
 

RESULTS AND DISCUSSION 

Enzyme kinetic activity in the presence of n-propyl gallate: 

After droplet formation, images of the array of droplets containing the enzyme and substrate solution after the reaction 

had proceeded are exemplified in Fig.2 B and C. The fluorescence intensity of a single droplet is plotted against time in 

Fig. 2 A. The signal from the droplets initially remained constant during a time labeled as “delay time”. After this delay 

time, the fluorescence intensity increased proportionally to the incubation time. The rate of increase of fluorescence inten-

sity was then used to determine the kinetic activity of the enzymatic reaction. The increasing fluorescence intensity in 
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each droplet between minutes 1200 and 1335 is plotted in a histogram (Fig.2 D) revealing the increasing intensity is peri-

odically enhanced and can be categorized into four peaks which we interpreted as 0, 1, 2 or 3 enzyme molecules encapsu-

lated in the droplets. The resulting Kcat is around 1.6 molecule of product per second. The histogram of the enzyme occu-

pancy fits well to a Poisson distribution (Fig.2 D: Inset), with a mean occupancy λ of 0.7 molecules/droplet while the 

occupancy calculated from the droplets is around 0.9 molecules/droplet. These data strongly suggest a successful encap-

sulation of single enzymes into the droplets. The Kcat obtained from our droplet-based device (1.6 sec
-1

) is significantly 

lower than that from the bulk experiment (5.7 sec
-1

) on the same solution determined by a fluorescence spectrometer.  

 

Figure 2. (A) The evolution of the fluorescence intensity from the enzymatic reaction in the presence of nPG. In the first 

part labeled as ‘delay time’, the signal almost remains constant with a few fluctuation. In the second part, the fluores-

cence intensity increases proportionally to the incubation time and is used to determine the enzyme kinetics. Bright-field 

image of the array of droplets (B); Fluorescence image of the same system after incubation for 1335 minutes (C). (D) 

Histogram of the increasing fluorescence intensity from the 1200
th

 to the 1335
th

 minute. Four peaks indicate the occu-

pancy of droplets by (0, 1, 2 and 3) enzymes.(D: Inset) Distribution of the occupancy of enzyme in each droplet (bar 

chart) corresponding to the Poisson distribution with a mean occupancy λ = 0.7 (dash line).   
 

Enzyme kinetic activity in the absence of n-propyl gallate 

In this experiment, the aqueous solution without added nPG was loaded into a fluidic platform to generate droplets. 

The evolution of the fluorescence intensity recorded is illustrated in Fig.3 A. A shorter delay time was observed as com-

pared to the previous experiment. The increasing fluorescence intensity and hence the enhancement of fluorescence prod-

uct in each droplet from the 240
th

 to the 260
th

 minute is plotted in a histogram (Fig. 3 D) showing the fluorescein concen-

tration was seen to be periodically increased in four peaks which can be interpreted as corresponding to different numbers 

of enzymes encapsulated into the droplets. The obtained Kcat from these experiments was around 3.8 sec
-1

.  

  

  
Figure 3.: The evolution of the fluorescence intensity from the enzymatic reaction in the absence of nPG (A). Snapshots 

of the array of droplets containing enzyme and substrate molecules without the addition of nPG at minute 240 (B), and 

260 (C) are shown. (D and E) The histograms of increasing fluorescence intensity when the enzyme solution was 0.1 and 

0.2 nM, respectively. Four peaks can be interpreted as indicating the occupancy of droplets by (0, 1, 2 and 3) enzymes. 

(F) Two histograms express the distribution of the occupancy of enzymes (0, 1, 2 and 3) per droplet. The dark grey bar 

and the light grey bar depict the data distribution when the enzyme concentration was 0.1 and 0.2 nM, respectively, 

which were fitted to a Poisson distribution as shown by a dotted line and a solid line, respectively, with a mean occupan-

cy λ of 0.62 and 1.24, respectively. 

D E F 
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To confirm this single-enzyme encapsulation and our interpretation, another experiment was performed using a two-

fold greater concentration of the enzyme (0.2 nM) than that the previous experiment. The histogram of the increasing 

concentration of fluorescein in each droplet is plotted in Fig.3 E and the resulting Kcat was around 4.5 sec
-1. In Fig.3 F, the 

experimental data are plotted as fractional occurrence of droplets with enzyme occupancy (0, 1, 2 or 3) using bars of dark 

grey and light grey for the 0.1 and 0.2 nM of enzyme solution, respectively. As shown, the histograms for both experi-

ments can be well fitted to Poisson distributions with mean occupancies λ of 0.62 and 1.24. Considering the amount of 

enzyme encapsulated into one droplet by calculation, we found the averaged enzyme occupancies are around 0.7 and 1.4 

molecules for the 0.1 and 0.2 nM of enzyme solution, respectively. These calculated values correspond well to the mean 

occupancies (λ) from the Poisson fitting curve. These data indicate that single-enzyme encapsulation was obtained into 

the tiny aqueous droplets generated in our device. The kinetic activity of the encapsulated enzymes (3.8-4.5 sec
-1

) was 

lower than the kinetic activity observed in bulk experiments (5.7 sec
-1

), but much higher than the kinetic activities ob-

served in the presence of nPG as will be further discussed in the following section.  

 

DISCUSSION 

The kinetic activity obtained in droplets in our device is somehow lower than the value obtained from a bulk experi-

ment. This observation corresponds to several works reported before mentioning the kinetic activity obtained in droplets 

in microfluidic devices were marginally lower than in bulk experiments [5-6]. Considering the cause of the observed de-

lay time, it was initially speculated to be the accumulation time of the fluorescein molecules until it overcame the back-

ground noise. A rough estimate of the duration of this delay time from the lowest signal of fluorescein solution and result-

ing Kcat (3.8 sec
-1

)
 
results however in a delay time of 30 minutes. However, it prolonged to 230

th
 minute in our 

experiment. Therefore the main cause of the delay must be another phenomena. A possible explanation is that this delay 

time occurs because the produced fluorescein molecules vanished due to some process which in time becomes saturated 

resulting in an increasing fluorescence. From our knowledge, two possible processes are (i) the adsorption of fluorescein 

molecule at the water and oil interface and (ii) the diffusion of the fluorescein into the oil phase.  

The measured kinetic activity in the presence of nPG (1.6 sec
-1

) was lower than that in its absence (3.8-4.5 sec
-1

). We 

speculate that nPG might inhibit or disturb the interaction between the enzyme and the substrate molecules since the 

structure of nPG is somewhat similar to one side of the structure of cellobiose which is a natural substrate of beta-

glucosidase. On the other hand, in the experiment without nPG, the fluorescein molecules might undergo photobleaching. 

Indeed, the photobleaching effect might be less pronounced in our experiment since the life time of the fluorescein mole-

cule under illumination from our setup is around 5 minutes (data not shown). The UV light was, however, illuminated for 

a few seconds for every single snapshot taken. Else, this photobleaching effect might be the reason of the relative low 

value of the kinetic activity from our experiment. The effect of photobleaching should be further investigated by experi-

ments with other anti-oxidant reagents.  

 

CONCLUSION 

We have demonstrated a micro- and nanofluidic platform for creating droplet arrays encapsulating single enzyme 

molecules. Femtolitre droplets need to be generated to reduce the background noise from environment. The histogram of 

the rate of fluorescence intensity increase and thus the turnover number of the enzymatic reaction in each droplet showed 

periodically-increased peaks revealing the occupancy of droplets by multiples of a single enzyme. The distributions fitted 

well to a Poisson distribution verifying the achieved encapsulation of single enzymes. The resulting kinetic activity was 

somewhat lower than that from the bulk experiment.  
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ABSTRACT 
    We present a novel strategy for patterning single magnetic beads by using digital microfluidics (DMF). A 
droplet containing a suspension of superparamagnetic particles is transported back and forth over an array of 
femtoliter-sized microwells by using electrowetting-on-dielectric actuation forces. Compared to existing methods, 
this technique allows patterning of superparamagnetic beads in microwells with unprecedented high loading 
efficiencies (>95%) and a high single-bead per microwell resolution, while combining high-throughput printing of 
particles with a high degree of flexibility. This novel approach for creating highly ordered particle arrays can greatly 
enhance their application in particle-based bio-assays.  
 
KEYWORDS 
Digital Microfluidics, Electrowetting-on-Dielectric, Magnetic Beads, Bead Patterning, Micro- and Nanoparticle 
Patterning  

 
INTRODUCTION 

Well-ordered patterns of micro- to nanometer-sized particles have become an important tool for performing a 
wide range of applications including protein immunoassays, gene expression and genotyping [1]. Patterns of single 
superparamagnetic beads have for instance been applied to perform digital enzyme-linked immunosorbent assays 
(ELISAs), where single beads containing biomarkers are ordered and isolated in single femtoliter-sized wells [2]. 
Bead-based bio-assays rely heavily on the ability of miniaturized systems to capture, pattern, and expose micro- and 
nanometer sized beads for a wide variety of applications. Moreover, in cutting-edge materials science, particle 
patterns are playing a crucial role for nano- and optoelectronic device fabrication [3].  

Common existing microfluidic approaches for patterning particles usually rely on centrifugal, dielectrophoretic 
or hydrodynamic trapping of beads [1]. Here, we present DMF as a promising platform for patterning 
superparamagnetic microparticles. DMF enables the manipulation of discrete droplets on arrays of actuation 
electrodes covered with a hydrophobic dielectric layer by using electrostatic actuation forces. Recently, we 
demonstrated how DMF could be used for high-throughput printing of large arrays of femtoliter droplets by 
transporting larger mother droplets over hydrophilic-in-hydrophobic micropatterns [4]. The selective wettability of 
the hydrophilic micropatches compared to the hydrophobic Teflon-AF background matrix causes femtoliter-sized 
droplets to be deposited inside of these micropatches. Here, we use this concept to assemble dense, high-resolution 
patterns of single magnetic particles by confining them to femtoliter volume chambers. 

 
EXPERIMENTAL 

DMF chips were fabricated in-house as described previously [5], and consist of a double-plate chip design 
(Figure 1). For creating microwells suitable for single particle patterning, the top plate of the device consisted of an 
ITO-coated glass slide (Delta technologies) that was coated with 3.25 µm of Teflon-AF (Dupont). Subsequently, this 
Teflon-AF layer was covered with a protective Parylene-C mask (500 nm thickness) via chemical vapor deposition 
(AL 200, Plasma Parylene Coating Services). This latter Parylene-C mask protected the hydrophobicity of the 
Teflon-AF layer which is crucial for DMF as it enables efficient droplet manipulations. An aluminum hard mask was 
deposited on top of this assembly and was patterned by photolithography using AZ-1505 positive photoresist (AZ 
Electronic Materials) and aluminum wet etching using Transene type A aluminum etchant. Using reactive ion 
etching with O2-plasma, the exposed underlying polymer layers (Parylene-C and Teflon-AF) were etched away. 
After etching away the remaining aluminum hard mask and mechanically peeling off the Parylene-C mask, 65000 
microwells of 4 µm diameter and 3.25 µm depth in Teflon-AF were obtained. The top plate containing this array was 
then placed on top of the bottom plate containing buried electrodes, while spacers (80 !m thickness) separated both 
plates. Droplets were sandwiched between both plates and were actuated by means of electrowetting-on-dielectric 
(EWOD) with high-voltage driving potentials of 140 VDC. Finally, a permanent magnet was placed on top of the 
array containing femtoliter-sized microwells (Figure 1) in order to speed up bead transfer and bead trapping inside 
the microwells.  

Streptavidin-coated superparamagnetic beads of 2.8 !m diameter (Dynabeads M-280 Streptavidin, Life 
technologies) were washed 3 times with PBS buffer and subsequently incubated with biotinylated green fluorescent 
protein (GFP) for 1 h. Finally, beads were washed again with PBS buffer (3 times) for removing any non-bound GFP. 
This procedure allowed easy visualization of beads with standard fluorescence microscopy. 
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Figure 1. a) Photograph of a double plate digital microfluidic device. b) Scheme depicting the 
bead-loading principle. A droplet of concentrated bead solution is shuttled back and forth over a capture 
array of microwells. c) Side view demonstrating bead loading with a magnet positioned on top of the 
capture array for fast capture of magnetic beads. 

 
RESULTS 

Colloidal suspensions of superparamagnetic beads were loaded as 5 µL sized mother droplets on the chip. After 
placing the top plate containing the microwells on top of the bottom plate, this droplet was transported towards the 
array. For attraction of beads to microwells, a magnet was placed on the microwell-array (Figure 1). The droplet of 
concentrated bead-solution was shuttled over the array by using a 140 V actuation voltage. As such, magnetic beads 
were attracted inside the microwells due to the magnetic force, thereby trapping them inside of the microwells while 
the drag force of the receeding droplet meniscus removes excess beads off the Teflon-AF surface. Although the 
mother droplet was slowed down by the presence of the array for bead-trapping, droplet movement was not inhibited 
when using an electrode activation time of >500 msec. Superparamagnetic beads could effectively be trapped inside 
the microwells, as demonstrated by scanning electron microscope (SEM) images (Figure 2). Depending on the 
number of times a droplet was shuttled over the capture array, different bead-loading efficiencies were obtained after 
1 min of droplet shuttling (Figure 3). When performing 10 seeding cycles, bead loading efficiencies of >95% were 
obtained. This loading efficiency is higher than earlier reported results (40-60%) where beads were loaded by using 
centrifugal forces or allowing beads to settle on the array by means of gravitational forces [2,6]. An improved 
loading efficiency allows more beads to be interrogated on a smaller surface for optical detection, which is beneficial 
for a wide variety of bead-based bio-assays. SEM images in Figure 2 also show the high single-bead per microwell 
resolution. 

 

 
Figure 2. a) SEM image of a part of an array where single beads are loaded in microwells. b) Close-up of 
a single particle in a microwell. 

 
These results demonstrate the unique advantages for performing particle patterning with our device, as the 

hydrophilic-in-hydrophobic micropatterns allow very efficient removal of excess beads on the Teflon-AF surface by 
the drag force exerted by the receding droplet meniscus. Moreover, due to the capability of DMF to perform many 
seeding cycles by simply shuttling droplets over the array many times, virtually all microwells can be filled with 
single beads. 
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Figure 3: a,b) Fluorescent images of patterned GFP-functionalized magnetic beads on a capture array 
after 2 seeding cycles (a), 5 seeding cycles (b), and 10 seeding cycles (b). c) Graph demonstrating the 
increase in loading efficiency with increasing number of seeding cycles. 

 
SUMMARY 

DMF was introduced as a novel method for obtaining high-resolution patterns of superparamagnetic beads in 
femtoliter-sized microwells. Compared to other microfluidic methods, DMF does not require any moving parts or 
connections to external pumps, and offers very high loading efficiencies (>95%). We anticipate that the 
unprecedented speed and accuracy with which dense particle arrays are generated with DMF will greatly facilitate 
detection and readout of magnetic particles in a wide variety of bio-assays. 
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ABSTRACT 
    Here we demonstrate a novel concept of liquid-in-gas droplet microfluidics by using gas flow as the continuous 
phase for the production of liquid droplets. Within a specially configured co-flow microfluidic tubing device, a flow 
of liquid phase has been continuously dispersed into another outer stream of gas phase, producing discrete and 
monodisperse microdroplets. This process is robust and well-controlled, and supports various formation modes by 
systematically altering a variety of critical parameters, including water flow rate and gas pressure. Moreover, the 
resulting liquid droplets still remain intact during downstream transportation towards the outlet of the tubing, 
enabling them to be collected and stored for further study. 
 
KEYWORDS 
Droplet microfluidics, gas continuous phase, co-flow.  

 
INTRODUCTION 

The rapid development of biology, chemistry and nanotechnologies has urged an uprising quest on the 
manipulation of small volumes of liquids scaling from picoliters to nanoliters through well-controlled manners. 
Droplet microfluidics separates chemical and biological liquid samples into discrete, segmental volumes within 
geometrically confined microchannels, and has appeared as a powerful and versatile approach in response of such a 
growing demand. Since its debut in the 1990s it has aroused tremendous attentions across many multidisciplinary 
areas including analysis, synthesis, catalysis, diagnosis, reaction kinetics and even computing logics.[1-2] In a 
general scheme of droplet microfluidics, a flow of one stream, which is called as the dispersed phase (DP), is 
continuously dispersed into another flow of continuous phase (CP) to form a series of discrete, individual bubbles or 
droplets. Typical examples of droplet microfluidics include dispersing air stream into liquid flows to create 
microbubbles, and the dispersion of liquid flow into another liquid flow to form microdroplets (emulsion mechanism 
could be either Oil-in-Water or Water-in-Oil). [1-2] However, in each of these cases, the continuous phase has been 
limited to liquid phase only. While there have been significant impacts on the usage of gas as the continuous phase, 
to our knowledge it has not been fully explored yet.  

The general characteristics of the proposed liquid-in-gas dispersion are expected to be as stable and 
monodisperse as possible, however, it should be noted that it is more restrictive than the liquid-in-liquid systems 
considering the more complicated dynamics during dispersion. From previous studies it has been well known that 
the dynamics of microfluidic mediated droplet production is controlled by the Rayleigh-Plateau instability 
interplayed by drag force exerted by the continuous phase and the interfacial forces. When the liquid outer stream is 
substituted by low viscosity gaseous flow, the possibility of breaking liquid DP flow into individual drops becomes 
questionable considering the much weaker drag force imposed by the gas flow running at a similar velocity. While 
large increase in the gas flow rate would also possibly ends up by destabilized droplet generation coupled small 
satellite droplets(similar to the asymmetric jetting mode in air spray) as the drag force significantly outcomes the 
liquid-gas interfacial stress, which is important to keep droplets intact. Consequently it is crucial to manipulate the 
gas flow in a moderate range that is sufficiently strong to drive droplet emission in steady state yet not break them 
into satellites. Moreover, it has been found that the droplet generation greatly depends on the substrate surface 
wetting properties, for example, aqueous droplets can only be produced on hydrophobic substrate supports [3]. 

Here, we demonstrate the production and transportation of discrete microscale liquid droplets inside a sealed 
microchannel using a gas flow as the continuous phase. To achieve this goal, a simple microfluidic tubing platform 
was realized using a co-flow droplet generator connected to a downstream channel. The sidewall of the 
microchannel was highly hydrophobic, ensuring successful aqueous droplet formation and transportation throughout 
the device. At the tip of droplet generator, a flow of liquid was continuously dispersed into a surrounding air flow, 
forming discrete and uniform water droplets (Figure 1). This process is robust and controllable, and could undergo 
various formation modes by altering a number of critical parameters. In this project, we have identified two 
distinctive modes of stable droplet production (“dripping without adhering” and “dripping with adhering” modes) by 

varying the gas pressure and liquid flow rate (Figure 2), and have studied their characteristic formation regimes with 
theoretical explanations.  

 
EXPERIMENTAL 

The co-flow microfluidic device employed in our experiments consisted of a 50 µm inner and 80 µm outer diameter 
glass capillary(VitroCom) within a 300 µm ID PTFE tubing(Cole-Palmer). The inner glass capillary was first 
connected to one end of a 5.0 cm length of 250 µm ID and 750 µm OD Tygon tubing (Cole Parmer). The other end of 
the Tygon tubing was inserted into a 10 µL plastic pipette tip with the end cut off. The open capillary end was 
positioned within the modified pipette top with a ~2 cm length outside the tip head. After inserting another Tygon 
tubing segment into the tail of the pipette for convenient introduction of the continuous phase, the tail was sealed with 
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epoxy. At the pipette tip, the glass capillary was inserted into the PTFE tubing, and the tip of the pipette was then 

sealed with PTFE tubing by Dow Corning 3140 silicone adhesive. 

The flow of the liquid phase was controlled by a Harvard 2000 syringe pump. The air pressure of the gas continuous 

phase was generated using two bleach bottles at different vertical heights. Water was siphoned from one bleach 

container into another sealed bleach bottle, causing a rise in pressure of the lower bleach bottle as water flowed from 

the higher container. The sealed lower bleach bottle had a tube for the air to escape, and this air flow was connected to 

the Tygon tube on the end of the device to provide the gas continuous phase. The pressure generated was determined 

by the height difference between the water levels.  

Microscopic monitoring of droplet production was achieved on a Nikon TE-2000S inverted fluorescence 

microscope, where 0.1% of sodium fluorescein dye was added into the water dispersed phase for better visualization.  

 

RESULTS AND DISCUSSION 

The co-flow microfluidic device was fabricated by simply 

assembling glass capillaries and plastic micro-tubing coaxially. The 

outer tubing has been chosen to be PTFE-based because of its naturally 

high hydrophobicity (contact angle of water is about 120º). Water DP 

flow does not adhere to the sidewall of PTFE tubing, allowing 

well-controlled droplet production and subsequent transportation 

towards the channel exit. Unlike previous open substrate systems, our 

droplet generator is configured in a geometrically confined 

environment, ensuring all the laminar flow characteristics for both the 

liquid DP and gas CP and ultimately contributing the success of stable 

droplet production. In addition, we also invented a simple and 

inexpensive apparatus to control gas CP pressure by placing two water 

bleach bottles at different heights. The pressure exerted by gas CP is 

directly proportional to the relative vertical position difference, which 

could be moderated conveniently into a suitable pressure range 

(0.5-3.0 psi) that helps droplet production.  

We first examined the possibility of success on controlled 

liquid-in-gas dispersion by inducing a water flow into the co-flow 

microfluidic system. The process of droplet production was directly 

monitored on a fluorescent microscope. As shown in Figure 1b, once 

the DP flow gets out of the capillary tip, a characteristic spherical 

profile has been developed as a result of the combined effect of 

minimized interfacial tension and surface hydrophobicity. Meanwhile, 

it also gets protruded forward by the outer gas CP stream with a thin 

thread neck at its tail. As the protrusion proceeds further, the thread 

neck gets stretched and becomes thinner and thinner. After a critical 

point, the neck thread becomes so thin that it cannot anchor the droplet 

at the capillary tip anymore, emitting a discrete droplet. Right after 

that, the neck thread retracts back to the capillary tip, repeating the 

same process to generate another droplet. It should be noted that this 

specific emission process is similar to the dripping mode founded in 

previous liquid-in-liquid systems. 

The dynamic process can be explained by analyzing two competing 

forces that the droplet experiences during its growth: viscous drag 

forces exerted from the outer gas CP, which pulls it forwards and the 

surface tension of the liquid DP, which holds it at the capillary tip. 

Initially, surface tension dominates and anchors the small droplet at the tip, 

but as the droplet grows bigger and bigger, the drag force eventually 

becomes comparable. Once the net force acting on the droplet exceeds zero, 

Rayleigh-Plateau instability pinches the droplet off.  

In order to obtain a better understanding on the liquid-in-gas droplet 

production, we have systematically varied a number of critical factors, 

including the DP flow rate and the pressure of gas CP, and studied the 

droplet formation behaviors at different regimes. We have observed two 

distinct modes when the DP flow rate is increased from it low end to high 

end, which we call as dripping without adhering (DwoA) mode and dripping 

with adhering (DwA) mode, respectively, as shown in Figure 2. In the 

DwoA mode, which occurs at low DP flow rates, droplets emerge from the 

inner tube and are emitted from the tube due to shear forces without first 

contacting the channel sidewall. In contrast, in the DwA mode, droplets 

grow rapidly to a size comparable to that of the microchannel before 

Figure 1. (a) Schematic Illustration of the 

coaxial co-flow droplet generator using 

gas CP; (b) Microscopic image showing 

the formation process of a droplet.  

 

Figure 3. Phase diagram plot of 

different formation modes as a 

function of gas CP pressure and 

water DP flow rate.  

 

 

Figure 2. (a)&(b)Schematic illustrations 

of  different droplet formation modes: 

(a) DwoA mode, (b) DwA mode; 

(c)&(d): Time evolution of the dynamic 

behaviors during (c) DwoA mode and (d) 

DwA mode. Scale bars of green in all the 

images are 300 um.  
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pinching off due to high pressure gradient across the droplet induced by the continuous gas phase flow. Since the 

growth rate of droplet diameter is dependent upon the rate of mass supply into the drop, the DwA mode usually 

happens at higher DP flow rates.  

The impact of DP flow rates on the two dripping modes can be further understood by isolating the droplet generation 

process into two independent, parallel sub-processes: a) droplet advection and b) droplet growth. During the droplet 

advection process, due to the dragging of gas CP, the tail thread of the droplet is stretched thinner and thinner, finally 

getting to a threshold state that it could no longer hold the droplet at the tip, ending up with droplet emission. The 

timescale span from the droplet initialization to droplet emission is defined as critical advection time: Ta,c. Ta,c closely 

relates to the linear velocity of the gas CP flow and can be adjusted by varying the gas CP pressure. With regard to the 

sub-process of droplet growth, besides the axial process being pulled by the gas CP stream, the pendent droplet also 

grows laterally with an increasing diameter as a result of constant mass transfer of liquid from the inner capillary into 

the droplet. If the size of the droplet gets the chance to grow big enough, it would fully take up the entire space of the 

microchannel. The boundary of the droplet also would touch to the 

sidewall and transit into a cylindrical plug shape from the initial 

spherical geometry.[4] We define the time needed for full 

occupation of the microchannel as critical growth time, Tg,c and it is 

largely related to the liquid DP flow rate. With the two time scale 

definitions, we then distinguish the two generation modes by simply 

comparing Ta,c and Tg,c: the DwoA mode should happen at Ta,c<Tg,c, 

while the DwA mode should take place at Ta,c>Tg,c (Table 1).  

With the theory above, we can also explain the shifting of 

transition from DwoA mode to DwA mode on DP flow rate axis at 

different gas CP pressures (Figure 3). For example, at a higher gas 

pressure, the neck thread at the droplet tail would be thinned at a 

faster speed, resulting in a shorter Ta,c. On the other hand, the Tg,c 

remains almost the same because of constant DP flow rate. 

Consequently, the corresponding transition point of the two modes 

would be delayed and shift towards higher flow rates of DP.  

After droplet production, the controlled transport of produced 

droplets along the downstream microchannel has been successfully 

achieved as well. Droplets remain as discrete fluid volumes (Figure 

4), that can be collected and stored in a downstream oil-filled 

reservoir with excellent monodispersity. It should be noted that the 

droplets remain intact during transport, with no satellite droplets 

adhering to the sidewall observed, demonstrating the robustness of 

the system. The integration of both droplet production and 

transportation enables the possibility to apply our system into 

various application circumstances.  

 

CONCLUSION 

The presented liquid-in-gas droplet formation technique provides excellent control over both droplet production and 

transport. Compared to established liquid-in-liquid techniques, a key advantage of the liquid-in-gas method is that the 

resulting droplets are not contaminated by oil phases or surfactants, which is of critical importance for a variety of 

biological applications such as digital PCR, cell encapsulation and cell culturing.  
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Figure 4. Microscopic images showing the 

integrated process of the droplet production, 

transportation and collection. (a) Droplet 

production at the upstream droplet generator; 

(b) Transportation of intact droplets along the 

downstream channel, which is 10 cm away 

from the droplet generator; (c)  Droplet 

collected in a  bottle reservoir filled with 

immiscible stabilizing oil phase; (d) size 

distribution chart of collected droplets by 

measuring a sample size of 100 droplets.   
 

Table 1. Summary of characteristic 

behaviors and formation conditions for 

the two dripping modes, Ta,c and Tg,c 

refer to critical advection time and 

critical growth time, respectively.  
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ABSTRACT 

A microfluidic process has been newly proposed to synthesize highly unique micrometer-size hybrid liposomes 
having multi-lamellae structure.  The process includes (1) formation of monodisperse droplets of a polar solvent 
containing phospholipids at a microchannel confluence, (2) dissolution of the solvent into the continuous water 
phase, and (3) simultaneous reconstitution of large multilayer membranes and formation of a lipid core.  We 
successfully prepared monodisperse hybrid liposomes composed of a lipid core and a multilamellar shell, and 
demonstrated the applicability as carriers for both hydrophilic and hydrophobic compounds. 
 
KEYWORDS: Liposome, Non-equilibrium droplet, Droplet microfluidics, Multilamellar vesicle 

 
INTRODUCTION 

Lipid vesicles are functional soft materials used as cell membrane models, carriers for DDS, and so forth.  
Liposomes are classified into two groups; unilamellar and multilamellar vesicles (MLV).  The former is suitable for 
incorporating hydrophilic compounds inside its aqueous core, whereas the latter can carry hydrophobic compounds 
within the lipid layers.  Attempts have been made to produce monodisperse liposomes.  For example, microfluidic 
technologies have been applied to form monodisperse unilamellar vesicles from monodisperse oil-in-water droplets 
[1].  On the other hand, MLVs are usually produced by swelling dried phospholipid films [2], which results in the 
formation of polydisperse MLVs (diameter of 0.05-100 m), and thus, a technique for size-based separation should 
be employed to produce monodisperse MLVs [3]. 

Here we propose a simple but highly versatile strategy to produce monodisperse hybrid liposomes having 
multi-lamellae structures (Fig. 1), utilizing non-equilibrium O/W droplets temporary formed in microchannels [4,5].  
Droplets of a polar solvent (ethyl acetate; EA) containing phospholipids are formed in the continuous water phase at 
the microchannel confluence, which gradually shrink during flowing through the microchannel because of the 
solvent dissolution into the continuous phase.  By further diluting and completely removing the solvent, 
phospholipid vesicles are generated. 

 
EXPERIMENTAL 
PDMS-glass microdevices were fabricated by using 
standard soft lithography and replica molding techniques 
(Fig. 2 (a)).  We employed a flow-focusing 
microchannel having an orifice structure to generate 
monodisperse O/W droplets.  The width of the orifice 
and other microchannel segments were 50 and 100/200 
m, respectively, and the depth was uniform, ~100 m.  
To reproducibly form O/W droplets in the microchannel, 
the channel surface was rendered to be hydrophilic; 
PDMS and glass plates were bonded via O2 plasma 
treatment and subsequently silanized, just before 
conducting experiments.  We used DOPC 
(1,2-dioleoyl-sn-glycero-3-phosphocholine) as the 
phospholipid with 0.1mol% of fluorescent phospholipid 
(NBD C12-HPC, dissolved with ethanol).  The 
concentration of DOPC was changed from 1 to 5% (w/v).  
EA with a purity of >99.9% was used as the water-soluble 
organic solvent.  PBS (×1 or ×5 concentration) or 
distilled water was used as the continuous phase.  In 
addition to the phospholipid solution, EA was introduced 
into the microchannel on both side of the phospholipid 
solution, which prevented the microchannel clogging by 
the precipitation of lipid molecules near the confluence.  
The phospholipid solution, EA, and the continuous phase 
(water or PBS) were continuously introduced into the 
microchannel by using syringe pumps at flow rates of 2, 
2, 20 L/min, respectively.  Also, additional continuous 
phase was introduced at 500 m downstream from the 
confluence, to prevent the formed droplets from 

Figure 1: (a) Basic principle of synthesis of hybrid 
liposomes in microchannels using non-equilibrium 
droplets.  The water-soluble organic solvent in the O/W 
droplets is gradually dissolved into the continuous phase, 
while the phospholipid molecules are precipitated, forming 
hybrid liposomes.  (b) Schematic image showing the 
core-shell hybrid liposomes and the enlarged figure of the 
oriented phospholipid molecules on the core.  This hybrid 
liposome is consisted of a lipid-core and the 
multilammellar-shell, in which phospholipid molecules 
formed lipid bilayer membranes. 
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Figure 3. Micrographs of liposomes produced by using (a) 
pure water, (b) 1×PBS, and (c) 5×PBS as the continuous 
phase, respectively.  The average liposome sizes were 56, 
28, and 22 m, respectively. 
 

coalescing with each other, at a flow rate of 120 L/min.  
After the formation of the core-shell liposomes, the polar 
solvent was removed via further dilution in PBS or water, 
and morphologies of the liposomes were observed by 
using an optical/fluorescence microscope. 

 
RESULTS AND DISCUSSION 

We first examined if the non-equilibrium O/W 
droplets containing phospholipid molecules are actually 
formed in the microchannel.  As shown in Fig. 2, we 
observed that the phospholipid solution of EA formed 
monodisperse O/W droplets (diameter of 90 m, CV 
value of 5.2%), which gradually shrunk during flowing 
through the microchannel.  Near the exit of the 
microchannel, the droplet diameter was 58 m (CV value 
of 8.7%, shown in Fig. 2 C).  Fig. 3 (a) shows the 
formed liposomes after completely removing the solvent, 
which were prepared by using pure water as the 
continuous phase.  We found that the obtained 
liposomes exhibited unique morphologies with a core 
(diameter of ~17 m, CV value: 6.9%) and an outer shell 
of multilamellar lipid layers, which swelled and spread 
around the lipid core (diameter of ~56 m, CV value of 
18%).  It was possible to control the liposome sizes by 
changing the DOPC concentration (Fig. 4) and/or the 
formed droplet sizes.  When PBS of a higher ionic 
strength was used as the continuous phase, the swelling 
of the outer shell was suppressed, and smaller spherical 
liposomes were obtained (Fig. 3b,c).  We assumed that 
the core was made of the lipid particles and the origin of 
this lipid core as the agglomerate of precipitated 
phospholipid (DOPC) molecules, which was formed 
during the dissolution of EA into the continuous phase 
and the aggregation of concentrated phospholipids (Fig. 
5).  Multilamellar shells would be derived from lipid 
bilayers formed on the droplet surface during the droplet 
dissolution, which consequently swelled in the aqueous 
environment to form complex shape phospholipid 
vesicles.  

Next, we demonstrated the encapsulation of 
hydrophilic and/or hydrophobic compounds into the core 
and the shell of the hybrid liposomes, respectively (Fig. 
6a-c).  When a hydrophilic dye, nile red or sudan black 
was dissolved in the phospholipid solution, these 
molecules were incorporated into both the multilamellar 
shell and the lipid core.  When an aqueous solution of 
sodium fluorescein was used as the continuous phase, this 
molecule was incorporated into the core-shell liposome 
on the surface of the core.  These lipid-based vesicles 
have unique properties; for example, we found that the 
outer lipid shells sometimes transformed into 
multilamellar lipid tubes (Fig. 6d), because the lipid tube 
is one of the stable morphologies of the aggregates of 
phospholipid molecules with bilayer orientation.  In 
addition, it was possible to separate lipid cores from the 
shells by sonication or by surfactant treatment such as 
Triton X-100 and SDS (Fig. 6e), showing the possibility 
of preparing monodisperse lipid particles that contain 
both hydrophilic/hydrophobic compounds. 
 
CONCLUSIONS 

A simple microfluidic system was presented for preparing highly-unique monodisperse liposomes having 
lipid-core and multilamellar-shell structure, which are advantageous in terms of the effective hydrophobic molecule 

Figure 2. Droplet formation inside the PDMS 
microchannel.  Flow rates from Inlets 1, 2, 3, and 4 were 
120, 20, 2, and 2 L/min, respectively.  Area A, first 
confluence; area B, second confluence, and Area C, near 
the outlet. 

Figure 2. Droplet formation inside the PDMS 
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encapsulation and transportation compared to unilamellar 
vesicles.  The presented vesicles are useful as functional 
lipid-based materials for pharmaceutical, food, and 
cosmetic applications, and would be available as the 
high-performance carriers for DDS because we can 
precisely control the particle size and easily conduct 
surface modification or functionalization by incorporating 
functional molecules such as antibody or magnetic 
particles in the multilamellar shells.  
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Figure 6.  (a-c) Incorporation of various hydrophobic/ 
hydrophilic compounds into the hybrid liposomes.  Nile 
red or sudan black was dissolved in the EA solution 
together with DOPC, whereas sodium fluorescein was 
dissolved in the continuous water phase.  (d) Formation 
of lipid tubes on the liposome surface, and (e) separation 
of the lipid core from the outer multilamellar shell by 
sonication. 

Figure 4.  Size distributions of the core and shell of the 
obtained liposome, when DOPC conc. was changed as 
indicated.  PBS was used as the continuous phase. 
 

Figure 5.  Schematic image showing the formation 
process of the lipid-core multilamellar-shell liposomes.  
The formed droplet gradually shrunk because of the 
dissolution of EA into the continuous water phase, 
resulting in the increased concentration of lipid molecules.  
Phospholipids at the droplet interface were organized to 
form outer shells.  In contrast, inner lipid molecules were 
precipitated and aggregated to form lipid core. 
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ABSTRACT 
   In this study, we integrated several components, including a droplet generator, a pico-injector, 
and an analytical inference technique, Proteolytic Activity Matrix Analysis (PrAMA), to create a 
platform for assessing multiple specific protease activity assays with minimal liquid handling and 
sample-requirement for personal medicine analysis. The microfluidic platform enables the direct 
measurements of protease enzyme activity, which is more physiologically informative than the 
standard measurements to determine the enzyme concentration alone. By tracking hundreds of 
picoliter droplets containing biological samples mixed with unique FRET-based protease substrates 
and inhibitors, the assay simultaneously infers multiple specific protease activities with minimal 
(<20l) physiological sample requirement. We applied this method to in vitro study of an 
immortalized cell line established from a peritoneal endometriotic biopsy to ascertain the proteolytic 
activity response of TNF- treatments.  
 
KEYWORDS 
Multiplexed activity bioassay, Droplet based technique, Protease, Emulsions, Picoinjector  
 
INTRODUCTION 
Proteases play essential roles in several physiological and disease processes. In particular, matrix 
metalloproteinases (MMPs) and A Disintegrin and Metalloproteinases (ADAMs) have been 
investigated as potential diagnostic biomarkers for cancer metastasis and endometriosis [1]. Existing 
approaches such as zymography, activity-based enzyme-linked immunosorbent assays (ELISAs), 
and activity-based probes have been limited by trade-offs including throughput, simultaneous 
measurement of multiple activities (multiplexing), and direct kinetic measurement. Alternatively, an 
analytic method, Proteolytic Activity Matrix Analysis (PrAMA) was developed for ascertain of 
multiple proteolytic activities of MMPs and ADAMs [2]. The approach of PrAMA provides the 
possibility to elucidate particular enzyme activities from cleavage signatures obtained in clinical 
samples containing multiple proteases. However this analytical method requires massively 
multiplexed measurements, which usually requires large amount of clinical samples to cause the 
difficulties in real applications of diagnosis. Although the analytical methods for high sensitivity 
measurements of protease activity was investigated [3], multiplexed protease activity assay remain 
challenges. To address this issue, we introduce a method to combine PrAMA with a droplet based 
microfluidic platform to simultaneously determine multiple (nine different kinds of combinations, 
~1000 individual reactions), specific protease activities from small amounts of physiological 
samples (<20L). The picoinjector [4] provides programmable controls of adding reagents into the 
droplets for large scale multiplexing assay by using small amount of sample volume, while the 
PrAMA provide a method to analyze the massive results obtained from the picoinjector for 
searching the protease biomarker effective. Moreover to achieve the automatic assay, a program was 
developed to analyze large number of different reactions within the droplets simultaneously to 
accelerate workflow and throughput of experiment for statistical confidence. We analyzed 
physiological samples, an immortalized cell line (12Z) established from a peritoneal endometriotic 
biopsy, to ascertain the proteolytic activity response of TNF- treatments.
 
EXPERIMENTAL RESULTS AND DISCUSSION 
   The device shown in the schematic diagram (Fig.1A) was fabricated as a Polydimethylsiloxane 
(PDMS) chip bonded to a PDMS-coated glass slide. The flow rates of aqueous/oil streams into the 
device were controlled by using syringe pumps (PHD 2000, Harvard Apparatus, Holliston, MA). To 
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develop the multiplexed assay, the protease substrate library was first formed using droplet generator 

chips [5] which contain a flow-focusing geometry with fluorocarbon oil as the carrier fluids. The 

droplets encapsulated different fluorogenic protease substrates and were stored in a large tube as a 

droplet library [6]. To distinguish the type of substrate in the droplets, a specific concentration of 

indicator dye was added as an optical label. In the second step, the droplets were uploaded (Fig.1B) 

to a picoinjector device where they were added to the biological samples (Fig.1C). The DC voltage 

was applied to disturb droplet stability by changing surfactant arrangement on the surface of 

droplets and thus the sample solution (containing enzyme, protease) could be injected into droplets 

(containing substrates) for enzyme activity reactions. The flow rate of the injection was controlled as 

~0.03L/min and the DC voltage applied was ~80V with frequency of 1kHz. The droplets were 

subsequently sent to a large chamber for time-lapse observation of reaction progress (Fig.1D). The 

protease reactions within droplets were analyzed by the increases of product fluorescence. With the 

advantage of automated image analysis, the reaction rates from ~1000 droplets were obtained 

simultaneously (Fig.1E), and the reaction rates of different substrates in the droplet library were 

analyzed with high a degree of statistical confidence (Fig.1F).  

 

 
Fig.1: (A) Schematic representation of the work flow and microfluidic device was represented. (B) All droplets 

were uploaded into a picoinjector device with high volume fraction order. (C) The droplets were passed 

through the picoinjector device for the sample addition into the droplets (D) The reactions in droplets were 

analyzed by a program automatically with high throughput manner in a large observation chamber. (E) The 

droplets with different substrates (1,5,6,9) were analyzed automatically through a software program.(F) The 

type of substrates was identified by the intensity of indicator fluoresce (Alexa-546, wavelength 546nm) 

 

We first tested the ability of microfluidic PrAMA to identify an individual enzyme based on the 

pattern with which the panel of substrates in the droplet library reacted with the enzyme. To 

demonstrate, we constructed a 4x4 parameter matrix describing the cleavage efficiencies of four 

protease substrates (1,5,6,9) by recombinant MMP7 & 9 and ADAM10 & 17 at 1.0 nM, respectively 

(Fig.2A, left). We compared patterns of catalytic efficiency with those measured on a plate-reader, 

and observed high correlation between the microfluidic and standard assays (R
2
>95%). We then 

used PrAMA to infer specific enzyme activity based on the observed pattern of substrate cleavage.  

Using the protease activity measurements from individual enzymes as a training set, PrAMA 

demonstrated an ability to identify individual enzymes based on their cleavage profile with 99% 

accuracy (Fig.2A, right).  As a test set, we then employed PrAMA to infer specific enzyme 

activities from a mixture containing both ADAM10 and ADAM17. Based on the observed rates of 

substrate cleavage in the droplet library (Fig.2B, left), PrAMA correctly inferred the presence of 

ADAM10 and ADAM17 with >99% specificity (Figure2B, right). As a second demonstration, we 

used device to infer protease activities in cellular supernatant secreted from treated/control cells 

(Fig.2C). Experiments show substrate-9 reacts strongly with treated supernatant, and PrAMA infers 

upregulated ADAM9 activity from the altered pattern of substrate cleavage (Fig.2D).  
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Fig.2 (A) Hierarchical biclustering of observed cleavage efficiencies for various ADAMs and MMPs were 

tested (left). The results were consistent by the standard plate-reader (right) for the confirmation. (B) The 

reaction activities of mixed enzyme and substrates were characterized by their corresponding cleavage 

signatures (left). The composition of active mixed enzyme therefore could be determined (right). (C) The 

cleavage of TNFa cellular supernatant and substrates was tested. Compared with the control sample, the 

treated cells secreted more proteases to react with substrate-9. (D)The reactions show the treated cells 

secreted more ADAM-9 than the control ones.       

 

CONCLUSION 

In summary this work integrated several components, including a droplet generator, a 

pico-injector, and an analytical inference technique (PrAMA) to create a platform for assessing 

multiple specific protease activity assays with minimal liquid handling and sample-requirement. 

Accomplishing the same multiplexed measurements in a 96-well microtiter plate would consume at 

around 100-fold more biological sample and reagent. It is also noteworthy that only a tiny fraction 

of 20µl sample volume was actually utilized to generate droplets for multiplexed sensing, due to 

unoptimized world-to-chip interfacing. This leaves much room for efficiency improvement, either 

by drastically increasing the degree of multiplexing or further decreasing the sample volume needed. 

The microfluidic platform thus enables the direct measurement of protease enzyme activity, which is 

more biologically informative than measurement of the enzyme concentration alone. The modularity 

among the droplet based microfluidic technology, and the methods to determine multiple enzyme 

activities ultimately makes the platform highly customizable for potential applications in high 

-throughput personal medicine analysis and clinical detections 
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ABSTRACT 
We propose a right triangular prism-shaped microdevice with serpentine microchannels fabricated on its slanted 

plane, and apply the device for on-chip flow-through PCR employing a single heater. The inclined nature of the 
qiandu-shaped microdevice enables the formation of a surface temperature gradient along the slanted plane of the 
microchannel by the use of a single heater. A 409 bp lung cancer biomarker and a plasmid vector targeting a 230 bp 
gene fragment were simultaneously amplified in less than 30 min on a single microdevice, paving the way for a 
microscale, multiplex PCR on a single platform with a single heater.

KEYWORDS 
Right triangular prism-shape, PDMS microdevice, flow-through PCR, single heater, thermal gradient, multiplex 
PCR

INTRODUCTION
Multiple temperature control in an on-chip continuous-flow PCR hinders device miniaturization and integration 

requiring multiple heating accessories, and leads to operational complexity. This paper proposes the fabrication of a 
right triangular prism-shaped poly(dimethylsiloxane) (PDMS) microdevice engraved with a serpentine microchannel 
on its inclined plane, and its potential application for performing an on-chip continuous-flow polymerase chain 
reaction (PCR), including a multiplex PCR, employing a single heater. The proposed microdevice combines the low 
thermal conductivity of the device material (PDMS) with a right triangular prism shape to create a height-dependent 
temperature gradient along its inclined surface, using a single heater. In this way, the number of heater is reduced to 
one, and the overall footprint of the microdevice is subsequently decreased, both of which are considered two main 
drawbacks when performing spatial PCRs on a miniaturized platform.

Similar concepts were previously demonstrated to create a linear thermal gradient on a glass surface for DNA 
melting curve analyses [1], or to create a linear thermal gradient on a glass surface for hold-less thermocycling for 
PCR [2]. The formation of the thermal gradient mentioned above, however, is based on the heat flow in two 
dimension between the heating and cooling elements aligned in parallel, where the cooling element is required for 
maintaining stable thermal gradient due to high thermal conductivity of the glass (1.1 W·K-1·m-1).  

Compared to the previous works, the right triangular prism-shaped microdevice proposed in this work enables the 
formation of a temperature gradient along its inclined plane without utilizing a cooling unit. Instead, stable 
temperature gradient is established between the air and the microdevice fabricated using a material with relatively 
low thermal conductivity such as PDMS whose thermal conductivity is 0.16 ~ 0.2 W·K-1·m-1. In this regard, simply 
by controlling the inclination angle, wide ranges of temperatures, including three temperature zones – denaturation, 
annealing, and extension temperatures – necessary for performing a typical in vitro enzymatic amplification, the PCR, 
can be created on the inclined surface of the microdevice employing a single heater.
     

The proposed microdevice is an improved format compared to our previous study also demonstrating on-chip 
continuous-flow PCR employing a single heater [3] in that the newly proposed microdevice is specialized for its 
simplicity in design, fabrication, and operation for performing on-chip continuous-flow PCR, while still retaining  to 
the use of a single heater. Most of all, the proposed microdevice is highly potential for performing a multiplex PCR. A 
409 bp-long gene fragment effective as a marker for diagnosing lung cancer and a 230 bp-long gene fragment from a 
plasmid vector were simultaneously amplified successfully in less than 25 min on a single microdevice using a 
commercially available hot plate, paving the way for a microscale, multiplex PCR on a single device employing a 
single heater.  

EXPERIMENT 
Figure 1 illustrates a comparison of the temperature controls when employing a right triangular prism-shaped 

microdevice and a thermocycler. 
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Figure 1. Schematics comparing temperature transition patterns when employing a thermal cycler (straight line) and a 
right triangular prism-shaped microdevice (dotted line). 
 

 
Figure 2 shows the overall fabrication scheme of the microdevice proposed in this study. A serpentine 

microchannel whose width, depth, and total length were 200 µm, 75 µm, and 2.9 m, respectively, was fabricated. A 
total of 32 thermal cycles were designed for the amplification. Si master having photolithographically patterned 
SU-8 microchannels was placed inside a cuboid container, and the container was slanted to a predetermined angle in 
order to acquire the desired inclination (Figure 2a). A 10:1 (w/w) mixture of the PDMS prepolymer and curing agent 
was poured inside the container on the Si master (Figure 2b). The PDMS prepolymer was cured at 80°C for 30 min, 
and then peeled off the Si master (Figure 2c). The PDMS replica was flipped over, and the flat bottom of the PDMS 
was treated with oxygen plasma (90 W, 0.7 torr, 40 s) (Figure 2d). After thermally bonding with a plasma-treated 
glass substrate (Figure 2e), the microchannel-patterned side was also treated with oxygen plasma under the same 
conditions (Figure 2f). A thin and flat sheet of PDMS was then permanently bonded with the microchannel-patterned, 
slanted plane of the resulting right triangular prism-shaped PDMS (Figure 2g). Two through-holes (~ 1 mm) were 
punched into the thin PDMS sheet at the inlet and outlet positions of the serpentine microchannels patterned on the 
slanted plane, and silicone tubes (i.d. 1 mm, o.d. 2 mm) were then inserted into the ports for the introduction of 
fluids (Figure 2h). 
 
 

 
 

Figure 2. Schematic illustration for the fabrication of a right triangular prism-shaped microdevice. 

 
 

Figure 3 shows the captured IR camera images with a temperature gradient generated on the slanted plane of 
the right triangular prism-shaped microdevice whose inclination angle was 50°, and placed on the center of a hot 
plate. As shown in Figure 4a, the temperature gradient was divided into ten regimes based on similarities in 
temperature, and each color band represents 8 – 10°C variations in temperature. Height-dependent temperature 
gradient was well established regardless of the plane – slanted or vertically straight – of the microdevice as shown in 
Figure 4b. The average temperatures of the highest (slanted bottom) and lowest (slanted top) regions were measured 
to be 94.8 ± 0.6°C and 53.1 ± 0.4°C, respectively. A temperature of 71.1 ± 0.6°C was measured at the center region 
of one specific color band. This demonstrates the potential of performing a multiplex PCR for amplifying 230 bp (Tm 
= 72.0°C) and 409 bp (Tm = 60.0°C) gene fragments on the same microdevice. The temperature gradient was stably 
maintained on the entire surface of the slanted plane over a 1 h time period without fluctuation. 

 
 

 
 
Figure 3. IR camera images showing temperature gradient created on the inclined surface of the microdevice with a 50° 
inclination angle. 
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Figure 4 shows the time-dependent surface temperature stabilization tendencies measured over 1 h time course 
using the IR camera. Although the temperature gradient on the slanted surface can be affected by the conductive heat 
transfer within the device as well as the natural convective heat transfer between the device surface and the 
surrounding atmosphere, it took approximately 10 ~ 15 min to establish a stable temperature gradient on the slanted 
surface of the microdevice, and the established temperature was stable over 1 h as shown in Figure 4. 

 
 

 
 

Figure 4. Time-dependent surface temperature stabilization tendencies measured on the slanted surface of the right 
triangular prism-shaped microdevice over 1 h. 
 
 

Figure 5 shows the results of preliminary experiments performed using two right triangular prism-shaped 
microdevices with varying inclination angles (a ~ c) and the actual result of multiplex PCR (d). Figure 5a shows the 
results of a 230 bp gene fragment amplified from a pGEM-3Zf(+) plasmid vector using a PDMS microdevice with a 
12° inclination angle (lanes 1 and 2) and a thermocycler (lane 3). Figure 5b shows the results of a 230 bp gene 
fragment amplified from a pGEM-3Zf(+) plasmid vector using a thermocycler (lane 1) and a PDMS microdevice 
with a 50° inclination angle (lane 2). Figure 5c shows the results of 409 bp gene fragments amplified on the PDMS 
microdevice with a 50° inclination angle (lane 1) and using a thermocycler (lane 2). Figure 5d shows the result of a 
multiplex PCR performed using a microdevice with a 50° inclination angle. Lanes 1 and 2 in Figure 5d show target 
amplicons obtained using a thermocycler and a PDMS microdevice, respectively. As were demonstrated in Figure 5d, 
two templates with significantly varying optimal annealing temperatures for their primers were successfully 
amplified via multiplex PCR on a single microdevice, demonstrating the versatile applicability of the right triangular 
prism-shaped microdevice proposed in this study. 

 
 

 
 

Figure 5. DNA amplification results. (a ~ b) 230 bp target amplicons obtained using microdevices with 12° and 50° 
inclination angles. (c) 409 bp target amplicon obtained using a 50° inclination angle. (d) Result of a multiplex PCR 
using a microdevice with a 50° inclination angle. 
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ABSTRACT 
This paper reports for the first time the electrochemical detection of MCF7 breast cancer cells on our unique 
dissolvable film (DF) – based centrifugal platform through the integration of ~50-nm thick gold electrodes on a 
plastic disc substrate. On this platform, we demonstrate an integrated system that is amenable for blood 
separation, extraction, capture and electrochemical detection of the MCF7 breast cancer cells on the surface of 
EPCAM-antibody functionalized gold microelectrodes by mere impedance measurements. 
 
KEYWORDS 
Electrochemical detection, microfluidics, centrifugal, cancer, MCF7 
 
INTRODUCTION
In comparison with optical detection techniques, biological electrochemical impedance spectroscopy (bio-EIS) 
has attracted great attention in the recent past, as it is a direct non-destructive, label-free and highly sensitive 
method which involves low-complexity instrumentation. Significantly, with this technique, electrochemical 
detection of analytes is enabled with minimum or even without sample preparation. Also complete integration 
into lab-on-a-chip systems for point of care diagnosis has been established.1, 2  In this paper, we report for the 
first time on a much simpler integration of electrochemical sensors on a centrifugal platform which has proven 
to allow high-performance cell handling and analysis.3-5  

ASSAY INTEGRATION AND ELECTROCHEMICAL DETECTION 
We have recently demonstrated the integration of a multi-step immunoassay (IA) protocol on a centrifugal 
“lab-on-a-disc” platform using our novel DF valves.6 A schematic illustration of the disc is shown in Fig. 1A. 
Figure 1B demonstrates the fluidic, multi-step assay protocol. Prior to the start of the assay procedure, whole 
blood spiked with cancer cells is pre-loaded in the sedimentation chamber, BSA block solution and PBS wash 
buffers are introduced into their respective storage chambers. The working principle of the DF-based valving 
technique is illustrated in Fig. 1C.  
 

 
Figure 1 a) 3D illustration of the DF-based centrifugal platform b) schematic illustration of the multi-step IA  
c) Step-by-step demonstration of the DF valve actuation by rotation of the disc. 

 
Briefly, the DF valves are only rotationally actuated by trapping an air pocket above a pneumatic chamber. 
During rotation, a critical burst pressure is reached, at which the metastable air-liquid layer collapses, and liquid 
makes contact and dissolves the DF, thus clearing the passage for the liquid (Fig. 1C). The assembly of the 
5-layer disc is demonstrated in Fig. 2A. The disc is made from 2 layers of pressure sensitive adhesives 
sandwiched between 3 layers of 1.5-mm thick PMMA plastic substrates. 
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Figure 2: a) 5-layer disc assembly. 2 adhesive layers are interspersed between 3 plastic substrates. b) Schematic 
illustration of the surface chemistry, Ab immobilization and cell capture. Initial impedance measurements are 
carried out before Ab immobilization and after cell capture. 
 
Approximately 50 nm of gold is patterned on the bottom disc by sputtering technique. 50 L of 100 g/mL 
anti-EpCAM antibody (Ab) is immobilized on the gold electrodes prior to disc assembly. Figure 2B shows a 
schematic of the antibody immobilization on gold electrodes, MCF7 cancer cell capture and electrochemical 
detection using impedance measurements.  
 

 
Figure 3: I-V) Frame sequence of the multi-step IA showing blood separation and sequential reagent release. In 
order to enhance contrast, 1% v/v food dye was added to PBS buffer, and pre-loaded in the reagent chambers. 
VI) View of the electrode region and contact point for electrochemical detection.  
 
Figure 3 shows the frame sequence of the multi-step IA including blood separation and extraction of cells along 
with the detailed spinning protocol from sample loading to detection. At present, immobilization of Ab, capture 
and detection of cancer cells on the gold electrodes are carried out off-chip. The antibody coated gold electrodes 
were studied using cyclic voltammetry (Fig. 4a) and impedance spectroscopy (Fig. 4b) and were confirmed by 
fluorescence imaging (Figs. 4c-d). It can be clearly seen that due to the presence of specifically captured 
cancer cells, the diffusion of the FeOH redox probe to the surface of the electrode is hindered and the current 
drops from 2.1 A to 1.78 A. Impedance measurements (Fig. 4b) show that there is also a significant 
increase in the admittance on cell capture.  
 

 1511



 
Figure 4: a) Cyclic voltammetry showing the different curves for the bare electrode, with Ab and with cells  
b) Corresponding EIS measurements c-d) fluorescence images of the captured cells on the Au electrodes. 
Capture and detection of the cancer cells was carried out off-chip. 
 
CONCLUSION & OUTLOOK 
We have demonstrated for the first time electrochemical detection of MCF7 breast cancer cells on our novel, 
rotationally actuated DF-based centrifugal platform. This novel point-of-care platform is capable of carrying 
out a multi-step immunoassay starting from whole blood for the specific capture and sensitive label free 
detection of cancer cells. 
In the future we plan to further integrate the platform towards a full-fledged sample-to-answer device.  
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ABSTRACT 
    Merging acoustofluidic mixing with optofluidic integration, we have developed a mechanism for optical 
switching in fiberoptic networks. The switching is achieved by changing the reflectivity of the sidewall of a 
microfluidic channel, via modification of the refractive index of fluids in the microchannel. To change the refractive 
index of fluids, two fluids are mixed by a microbubble mixer which was acoustically excited by a piezoelectric 
transducer. The device was found to have a switching speed of more than 5 Hz, an insertion loss of 6.02 dB, and 
extinction ratio of 28.48 dB. The low cost could lead to a line of inexpensive optical switches available at a fraction 
of the cost of a typical optical switch  
 
KEYWORDS 
Optofluidics, optical switch, oscillating microbubble  

 
INTRODUCTION 

In recent years, great effort has been devoted to the development of low-cost, disposable optofluidic switches for 
“low-end” optical switching and lab-on-a-chip applications based on flow rate [1,2] and pneumatic pressure [3,4]. In 
this work, we demonstrate an acoustofluidic-based optical switch that is affordable, easy to fabricate, and operate 
with less dependence on high flow rates and expensive external equipment.  

 
EXPERIMENT 

Figure 1 schematically shows the design of the acoustofluidic optical switch. This device was fabricated using 
standard soft lithography and included a single microchannel with two inlets and one outlet, pre-designed cavities on 
the sidewall of microchannel to trap bubbles for mixing, two channels for inserting and aligning the optical fibers 
and two air-PDMS lenses to collimate the light. A piezoelectric transducer, used to oscillate the sidewall-trapped 
microbubbles, was bonded using epoxy onto the glass slide, and the piezoelectric transducer was driven by a 
function generator. Two fluids, DI water (Q1, n1 = 1.333) and 4 M solution of CaCl2 (Q2, n2 = 1.423) were injected at 
the fluid inputs. 

 

 
Figure 1: A schematic showing the design and working principle of the acoustofluidic optical switch. 

 

When the piezoelectric transducer was inactive, the sidewall-trapped microbubbles neither oscillated nor mixed 
the two fluids. As a result, the majority of the incident laser beam was reflected and recorded by the output fiber, this 
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condition is referred to as the switch “on” mode [Fig. 2(a)]. Once the piezoelectric transducer was activated, 
oscillating bubbles induced strong acoustic microstreaming which mixed the two fluids and decreased the 
reflectivity of the interface. Thus, most of the incident laser beam will pass through the microchannel, and only a 
small amount of beam will be reflected and recorded, referring to the switch “off” mode [Fig. 2(b)]. 

 

 
Figure 2: Experimental images of the optical switch. (a) The device without acoustic excitation. (b) The device 

under acoustic excitation. The dotted arrow represents the light path. 
 
  
Figure 3 shows the normalized reflectivity waveforms from the photomultiplier tube (PMT), in which two 

standard references (blue and red curves) are shown with the signals, and the signals were normalized to these 
references. The standard reference for maximum reflection (blue curve) was produced by recording data while the 
channel was filled only with DI water (attenuation of 0 dB). The standard for minimum reflection (red curve) was 
produced by recording data while the channel was filled only with a 4 M solution of CaCl2 (attenuation of 30 dB). 
When the device was operated under a proper different total flow rates (QT = Q1 + Q2) which was high enough to 
avoid premixing, the switching signal was very clear and strong and the reflectivity at the “on” mode almost exactly 

matches with the standard reference for maximum reflection. Once QT was high enough to avoid premixing, If QT 
was further increased, both the high and low parts of the signal were far from the standards. 

 

  
Figure 3: The normalized signal waveforms under QT = 21 µl/min (QT = Q1 + Q2).  

 
Figure 4 displays several characterizes of interest (rising time, falling time, and extinction ratio) as a function of 

QT. As the QT of the mixed solution increased, the rising and falling time decreased, improving the switching speed; 
however, the extinction ratio was only acceptable over a range of flow rates. A working range between 15 and 30 
µl/min of QT was defined for this device. The maximum extinction ratio of 28.48 was observed, yielding a switching 
time of ~200 ms corresponding to a 5.03 Hz of switching frequency. 
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Figure 4: (a) Switching performance in response to total flow rate. (b) Analysis of the dynamic response of the 

device. 
 
In conclusion, we fabricated and tested an acoustofluidic optical switch that operates by oscillating microbubbles 

to produce the microstreaming effects which mixed two fluids, thus altering the refractive index of a PDMS/fluid 
interface. This device offers low-cost fabrication, simple operation, high extinction ratios, and switching times 
comparable to other optofluidic switches. 
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ABSTRACT 
This paper reports the development of a microfluidic device for the generation of solidified microbeads, and 
on-chip monitoring of compartmentalized biochemical reactions. We generated agarose microdroplets using a 
push-pull system, which consists in pushing oil and pulling emulsion. Agarose sample is introduced in inlet 
and aspirated consecutively. Ultralow volumes of agarose have been used (5 to 10!l) and after microdroplets 
generation, no dead volume remains in inlet. Once microdroplets have been generated, they are cooled in 
agarose microbeads thanks to two cooling copper wires. Finally, to validate our system, we performed and 
monitored a DNA isothermal amplification on-chip. 
  
KEYWORDS 
Microfluidics, microdroplets, agarose microbeads, on-chip DNA amplification.  
 
INTRODUCTION 
Previous reports on generation of monodisperse agarose microdroplets for high efficiency PCR [1] required a 
syringe heating system [2], off-chip drops collection and cooling, as well as a thermocycler for ex situ 
amplification reaction [1]. 
The specific features of the present integrated device are the push/pull microdroplets generation system that 
drastically downscales reagent consumption, the integration of the heating/cooling system necessary to make 
agarose microbeads and the possibility to observe an isothermal DNA amplification directly on-chip. 
The basic structure is a flow-focusing microchannels adapted for the push/pull fluid handling. Only oil mix is 
pushed in the device (Figs.1 and 2). Because the emulsion is pulled at the outlet with a higher rate, the agarose 
sample (containing the reaction mix, i.e. DNA template, inhibitor, primers and enzymes) gets aspirated and 
segmented into droplets. This setup reduces the consumption of sample down to 5mL. Moreover, this process 
can be performed at 37ºC. After generation, the emulsion is cooled by refrigerated wires (Fig.1) to allow the 
microbeads to solidify. After 10 min cooling, agarose beads are then heated to 43ºC: they remain in the gel 
state, and the rise in temperature triggers the start of the DNA amplification. 
 
EXPERIMENT 
Material and methods 
 
 Microfluidic device fabrication 
The microfluidic devices have been done using standard soft photolithography. A 65!m thick photoresist 
SU-8 mold has been made, and PDMS chip molded on it. PDMS chip is bonded on 135!m thick slide glass 
with O2 plasma.   
 
 Agarose microbeads generation 
In order to generate agarose microdroplets, we designed a device with a focusing flow nozzle (Fig.1). Oil is 
pushed with 1ml syringe (Terumo, Japan) and syringe pump. Emulsion is pulled with another syringe. 1.5% 
ultralow gelling agarose (Type IX-A, Sigma, Japan) microdroplets are generated at 37ºC thanks to a 
thermoplate (Tokai, Japan). Two copper wires are inserted at 500!m from both sides of the incubation 
chamber and inserted in ice for cooling step.  
 
 DNA isothermal amplification 
Reactions are done in a buffer containing 10mM KCl, 10mM (NH4)2SO4, 50mM NaCl, 2mM MgSO4, 45mM 
Tris–HCl, 5mM MgCl2, 6mM DTT, 100µg/ml bovine serum albumin (New England Biolabs) and dNTPs 
(100µM each). Bst DNA polymerase, large fragment and NtBstNBI nicking endonuclease are purchased from 
New England Biolabs and used at 11.2U/mL and 200U/mL, respectively. 
DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA), with 
high performance liquid chromatography purification. For the amplification reaction, 300nM of a template 
strand (5’-AACAGACTCGAAACAGACTCGA-3’) with a 3’-terminal TAMRA NHS ester modification is 
put in the presence of 300nM of an inhibitor strand (5’-GTCTGTTTCGAGTAA-3’) and 0.01nM of an input 
strand (5’-TCGAGTCTGTT-3’). 10µl of sample are introduced in the device for agarose microdroplets 
generation and 10µl are introduced in thermal cycler for control.  
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Figure 1: Schematic of the microfluidic device. (A) Device setup: Oil is pushed with syringe pump while 
emulsion is aspirated with another syringe pump. Reagent (agarose) introduced in inlet is aspirated. For 
agarose microdroplets generation, the device is warmed at 37ºC with a thermoplate. In order to gelify 
microdroplets in agarose microbeads, the thermoplate is turned off and the device is cooled thanks to two 
copper wires introduced in ice. When agarose microbeads are gelified, temperature is increased with 
thermoplate for DNA amplification. (B) Microchannel network: we designed a focusing flow orthogonal 
nozzle to generate microdroplets. Microdroplets are generated at 37ºC and incubated in a large incubation 
chamber. (C) Detail of focusing flow nozzle. Pushed oil segments aspirated agarose flow into monodisperse 
microemulsion. 
 
Results and discussion 
 Agarose microdroplets generation and cooling in agarose microbeads 
Pushed oil flow is focused on the nozzle and segments aspirated agarose flow in monodisperse microemulsion 
(diameter of microdroplets= 55!m), as shown in Figure 2. Because agarose sample is deposited and aspirated 
in inlet, low volume of sample is used (5 to 10!l) and no dead volume remains in inlet. After generation, 
temperature is decreased in the device with the two copper wires until agarose gelation point (17ºC). Agarose 
microdroplets are successfully gelified in agarose microbeads (Fig.2,B). 

 
Figure 2: Agarose microdroplets generation. (A): Monodisperse agarose microemulsion generation at 37ºC. 
(B): Gelified agarose microbeads in incubation chamber after sol-to-gel switch.  
 
 Temperature triggered DNA isothermal amplification 
This isothermal DNA amplification is based on the use of a DNA polymerase and a nicking enzyme [3] and 
was made temperature-dependent by the addition of an “inhibitor” DNA molecule (Fig.3). At low temperature 
(37ºC), the reaction is blocked by the stable inhibitor, whose 3’ end is mismatched, preventing the polymerase 
to extend it. At 43ºC the inhibitor is less stable, allowing the DNA primer to start the reaction. 

!"#$%&$ !!!!!'#$%&$
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Figure 3: Autocatalytic DNA amplification reaction. At 43ºC, DNA amplification occurs: as strand ! 
hybridizes to the template, it is elongated by DNA polymerase. The nascent strand is cut in its middle by a 
nicking endonuclease, releasing two ! strands. The template 3’ end is modified with a fluorescent dye, allowing 
the monitoring of presence of !. At 37ºC, a stable inhibitor strand blocks the reaction by displacing strand !, 
and preventing any polymerase activity. 
 
Using this setup, we have generated stable and monodisperse emulsion (Fig.2,A) and, for the first time, 
observed DNA amplification in solidified agarose microbeads in situ (Fig.2,B). The design requires no valves. 
Because of solidification, it becomes possible to keep the drops on chip and to incubate them during 115 min. 
DNA amplification satisfyingly compared to a control experiment performed in a thermocycler (Fig.4).  

 
Figure 4: Temperature triggered DNA amplification. The mean fluorescence of 10 microbeads is plotted to 
establish fluorescence variation curve during incubation on-chip (microdroplet curve). Control experiment 
(using the same reaction mix) run simultaneously at 43°C in thermal cycler (thermocycler curve). (A): 
Fluorescence in agarose microbeads at 0 min, (B): at 115 min. Scale bare: 75!m.  
 
Thanks to the on-chip cooling and real-time monitoring capability, the system could enable us to detect 
specific DNA sequences in real-time without any extra processes. By adopting a combination of different 
fluorescent probes, the present system can further be applied to the immediate detection of multiple target 
sequences that is so useful in the field of medical diagnostics, environmental monitoring, food security, etc. 
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ABSTRACT 
    We present a microfluidic platform that is able to trap and isolate single giant unilamellar vesicles (GUVs) in 
parallel. To demonstrate this, the membrane pore protein α-hemolysin (αHL) was added to GUVs and the kinetics of 

small molecule release was recorded. 
 
KEYWORDS 
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INTRODUCTION 

Model membrane systems such as supported lipid bilayers and liposomes are valuable tools for studying 
biological membranes [1]. GUVs (> 1 µm) are particularly useful as they do not require the support of a surface and 
can be used as cell-mimics owing to their similar size. The disadvantage is the difficulty in handling these delicate 
objects. A common approach is to allow GUVs with a more dense fluid inside to sediment on a glass surface for 
imaging. This, however, makes it difficult to supply various fluids without flushing them away. A functionalized 
surface can solve this problem, but typically requires adding artificial lipids to the membrane. Our approach solves 
this issue by using a microfluidic device containing hydrodynamic traps that are able to spatially confine up to 60 
GUVs. ‘Donut’ shaped valves facilitate isolation of specific GUVs and separate pressure lines allow up to 8 different 

experiments in a single chip. 
 

EXPERIMENTAL 
Chip fabrication. PDMS was used to fabricate the microfluidic chips that consisted of two layers [2]. The two 

master molds were made using photolithography as previously described [3]. Briefly, SU-8 2015 photoresist was 
used to create 20 µm high features on a silicon wafer with a UV light source. PDMS oligomer and curing agent at a 
ratio of 10:1 was partly cured over the top layer for 3 h at 80 °C. On the lower layer master, the PDMS was 
spin-coated to a height of 40 µm and cured at 80°C for 1 h. After punching fluidic access holes with a 1.5 mm biopsy 
puncher, the microchannels were finalized by bonding the PDMS to a glass slide using a plasma oven.  

GUV preparation. Unilamellar vesicles were made using the electroformation method [4]. Sphingomyelin, 
DOPC and cholesterol were dissolved in chloroform/methanol (9:1 v/v) at a concentration of 1 mM. DiI at 1 µM was 
added and the mixture dried on an indium tin oxide (ITO) coated slide overnight under a vacuum. The lipids were 
then rehydrated using Millipore filtered water containing 100 µM calcein, and a second ITO slide was placed on top 
separated by a 1.5 mm silicone rubber spacer. GUVs were produced over 4 hours, by applying 0.7 volts at a 10 Hz 
and at a temperature of 60°C. 

Fluorescence microscopy. Wield-field microscopy was conducted using an inverted microscopy (IX70, Olympus) 
equipped with a mercury lamp and a 40x/0.65 air objective lens, and images were recorded with an EMCCD (887, 
Andor). Fluorescence signals were monitored using optical filters sets for DiI (Ex:525/50, Dichroic mirror 560, Em: 
566 LP) and (Ex: 455/70, Dichroic mirror 494, Em: 515 LP) for calcein. Optically sectioned microscopy was 
achieved using a confocal laser scanning microscope (Axiovert 200M, Zeiss) and a 63x/1.4 oil immersion objective 
lens. Calcein fluorescence was recorded using 488 nm Argon ion laser line, UV/488/543/633 dichroic and a 505 nm 
long-pass filter.   

Chip operation. Following chip assembly, the chip was filled with 2% (w/v) BSA solution in PBS for 30 min 
using a syringe-pump (neMESYS, Centoni). This coats the channel walls and prevents vesicle rupture upon contact. 
Before adding the GUV solution, Millipore water was added to the remove the PBS. To operate the PDMS valves, 3 
mbar of nitrogen was applied to the upper layer channel using a custom-built pressure control system. 

 
RESULTS & DISCUSSION 

The device comprises two PDMS layers; the bottom fluidic layer contains the hydrodynamic traps, while the top 
layer contains donut-like structures. By pressurizing the top layer, the donuts are lowered into the bottom channel 
where they surround and isolate the traps in a 600 pL volume (Figure 1). GUVs in an aqueous solution of 100 µM 
green-fluorescent calcein and introduced into the device at 5 µL/min. This results in a trapping efficiency of > 95% 
for ~15-20 µm sized GUVs.  
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Figure 1: Microfluidic device. a) Schematic showing how a trapped GUV is isolated 

from surrounding fluid by a donut. Enlargement shows αHL inserted into the GUV 

membrane resulting in the release of the encapsulated calcein molecules. b) Bright-field 

image showing 23 of the 60 micro-chambers. Fluidic isolation is demonstrated using 

food dyes. Scale bar: 500 µm. 

 

 

Figure 2 shows a single trapped GUV in the surrounding calcein solution and in non-fluorescent aqueous buffer 

after fluid exchange. The GUVs remain trapped for at least 12 hours without being compromised permitting 

long-term observations of single vesicles. Moreover, in flow rates up to 50 µL/min there was no visible deformation. 

 

 
Figure 2. Trapping of GUVs. a) Fluorescence image of a single GUV trapped 

hydrodynamically by the posts (black). The surrounding calcein solution (green) is 

diverted around the trap. b) The fluid was then exchanged for water without removing 

the calcein filled GUV. c) Bright-field image of the donut (grey scale) overlaid with a 

fluorescence image of the GUV. The membrane is stained with DiI (red). By lowering 

the donut the GUV is now isolated from the rest of the channel network. Scale bars: 20 

µm. 

 

 

Next, we used the device for biophysical studies and exchanged the solution surrounding the GUVs with 50 

µg/ml αHL when the donuts were closed. A single row of donuts was then opened for ~ 2 seconds to expose the 

GUVs to the membrane pore. Images were recorded as the calcein molecules were released into the chamber (Figure 

1a). Figure 3a shows an image series after the addition of αHL, and a clear decrease in the fluorescence intensity is 

recorded over time (Fig. 3b). With less αHL in the donut (2.5 µg/ml), the calcein was released at a lower rate due to a 

smaller flux across the membrane. These rates are in the same order as reported by previous studies [5, 6]. GUVs in 

donuts that remained closed served as a control. 
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Figure 3. αHL assay. a) Fluorescence images of calcein released from a GUV with 50 

µg/ml αHL. Scale bar: 10 µm b) Kinetics of calcein release for 0, 2.5 and 50 µg/ml αHL. 

The control without αHL showed no calcein release. With 50 µg/ml αHL most of the 

calcein was released after 25 min, whilst with 2.5 µg/ml αHL only 80% of the calcein 

was released over 90 min. Averages from 3 GUVs were used and error bars were taken 

from the standard deviation. All signals were background corrected. 

 

 

 

OUTLOOK 

Being able to reliably trap and isolate single GUVs and quickly exchange buffer solutions for membrane analysis 

is of great interest for studies on artificial membranes serving as simple cell models. The approach could be used for 

a wide range of applications including encapsulated enzymatic reactions, ligand-membrane protein binding, and drug 

screening. 
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ABSTRACT 
Microdroplet generation is of interest due to its use in applications such as drug delivery. Although flow focusing has 

emerged as the most popular droplet generation technique it does not offer rapid size variation or drop-on-demand capabilities. 

To overcome this limitation attempts have been made to use high voltage pulses to extract single droplets on demand. Although 

a step in the right direction, continuous droplet generation and its control have not been investigated. In this paper we study the 

effect of various electrical and flow parameters on the ability to generate monodisperse droplets (10 – 100 m) continuously in a 

microfluidic setup through electro-generation.  
 

KEYWORDS: Droplets, Flow Focusing, Electric, Drop-On-Demand,  
 

INTRODUCTION 
Microdroplets have a long list of uses, the most important of which are in drug delivery, combinatorial analysis and mas-

sively parallel assays in biology and medicine [1, 2]. Microgels are sought in drug delivery due to their monodispersity in 

size which effectively controls their drug release rates. Similarly, in biological studies, microdroplets are used to conduct 

large sets of screening experiments on small sample volumes consuming small quantities of expensive reagents. A variety of 

methods such as inkjet printing and emulsification are capable of microdroplet production. However, with these methods, 

control over droplet size is limited and droplets that are produced have large size distributions. Microfluidics overcomes 

many of these limitations offering the possibility of handling small volumes of fluid at low to medium throughput. Flow fo-
cusing, where a dispersed phase is co-flowed with a continuous phase through a narrow nozzle [3],  has emerged as the most 

popular microfluidic method for producing monodisperse dispersions. However, this method lacks the ability to have dynam-

ic control over droplet size nor can it produce drop-on-demand. One of the most promising technique for dynamic control of 

droplet size is the application of a high voltage electrical signal. Significant work has been done in electrospray technology 

where AC or DC signals are used to produce dispersions of aqueous/organic phase in air [4]. This technique is capable of 

large volume droplet production but is not well suited for many applications since the sizes are typically limited to under 10 

m, produces satellite droplets and control over size is difficult [5]. Investigations by Atten et al. [6] improves upon this 

method by introducing control over droplet sizes via pulsing and produced droplets 50-200 m in size. However, their inves-

tigation focused on producing a single droplet without a satellite droplet and not on continuous production. Similarly, He et 

al. [7] demonstrated the use of high voltage pulses to form femtoliter sized single droplets in a microfluidic channel. Alt-

hough these methods demonstrated droplet generation via electrical signals they do not offer the ability to generate large 
quantities of droplets whilst maintaining precise control over size or frequency of generation.   

Here we present the design and analysis of a microfluidic device capable of continuous droplet production with the appli-

cation of high voltage pulsed signals.  Low frequency droplet generation is examined and control over droplet sizes is 

demonstrated in this device. This work successfully demonstrates monodisperse microdroplet generation at varying frequen-

cies and introduces a method where microdroplets can be generated with dynamic control over size by varying the frequency 

of electrical waveforms.  
 

WORKING PRINCIPLE 
The droplet generation process in flow focusing microfluidic devices is triggered by the instability initiated by the 

flow of two phase liquid through a narrow orifice. But since the structure of the orifice is defined and constant for the same 

device, the only method to control the droplet formation process and the size and rate of droplet generation is through the 

control of flow rates. However, due to fluidic capacitances in the device, the transient time associated with the change in flow 

characteristics and the ensuing change in droplet generation process is quite long. Alternatively, flow instabilities can also be 

initiated by other methods. For instance, it is well known that electric potential change surface tension of a biphasic interface. 

Thus by application and removal of an electric potential temporal variations in surface tension can be initiated leading to flow 

instabilities. Here we use pulses to introduce interface instability on demand to initiate droplet formation. In this scheme, the 

application of an electric field reduces surface tension at the tip of capillary of the dispersed phase. In addition, it introduces a 

electrostatic force that pulls the interface towards the other electrode. This process will continue till the interface becomes un-

stable. Instability can be due to random disturbances in the surface or can be induced deliberately when the electric pulse is 
turned off. In the second case, the surface tension increases, and the present state of the interface cannot be sustained any 

longer leading to the breakup of the interface and droplet formation. Wright et al. [8] determined by simple analysis that in 

order to eject a droplet from a capillary one must overcome the capillary pressure which is given by: 

   
     (1) 
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where Pcp is the capillary pressure, γ is the interfacial tension between the water/oil solutions, r is the capillary radius. In 

electrogeneration, the  electrostatic pressure pulling the fluid out must overcome the capillary pressure holding the meniscus 

in place. The electrostatic pressure is given by: 

�	 � 1
2� 	��

�        (2) 

where Pe is the electrostatic pressure, ε is the permittivity of the insulating fluid, and En is the electric field normal to the 

meniscus surface. By equating the two pressures it is possible to estimate the minimum voltage required to eject a droplet 

from a capillary.  
 

EXPERIMENTAL 
The experimental setup consists of three modules for signal generation, imaging, and pumping. The signal generation 

module provides pulsed high voltage signals to the device produced by a combination of a function generator and an amplifi-

er. A Tektronix AFG 3022B function generator was utilized to produce various pulsed waveforms of defined frequency and 

duty cycle. These signals were then amplified by a Trek 10/10b HS high voltage amplifier. The rise and fall time are under 

1% of the lowest pulse duration and care was taken to ensure that the signal shape is not compromised. The working elec-

trode is connected to the a syringe containing DI water with methylene blue added for visualization and conductivity. The 

ground is connected to a stainless steel needle placed 600 µm away from the capillary as shown in Figure 1.  

Two syringe pumps were connected to the microfluidic device to con-

trol the flow rates. A KDS Legato 270 (GeneQ Inc., Quebec, Canada) high 

precision syringe pump provided pulse free flow for the dispersed phase in 

the capillary. The dispersed phase used was DI water with 1% wt of meth-

ylene blue. .  A Harvard Apparatus 22 infusion pump was used to control 
the flow of continuous phase. The continuous phase used was heavy paraf-

fin oil with 1% by wt Span80 surfactant added after set up.  

Imaging of the droplet generation process was done through a high 

speed camera attached to a microscope. A Photron Fastcam Troubleshoot-

er high speed camera was used for imaging. Videos were recorded 3 

minutes after the electrical signal was changed or applied at 1000 FPS to 

eliminate motion blurring.  

Droplet diameter measurements were performed with ImageJ. With 

pictures having pixel resolutions lower than 1 µm the largest amount of er-

ror was due to the manual measurements. The 95% confidence interval of 

the measurements was determined to be +/-0.52% of the measured value. 

In all cases measurements were done on the primary droplet, which is in all cases the largest droplet ejected per pulse. This 
experimental setup was utilized in all experiments to determine the optimum design for a device capable of droplet generation 

via high voltage electrical signals. 

 

RESULTS AND DISCUSSION 
 A fluidic device consisting of a channel 1.5 x 0.8 mm (Fig. 1) was designed which contained a 50 µm inner diameter 

fused silica capillary for droplet 

injection. The high voltage elec-

trical signal is applied to the dis-

persed phase reservoir located 

outside of the device while the 

needle tip inside the channel is 
grounded.  When a pulse (3 Hz, 

1400 peak voltage, 0 bias, 670 µs 

pulse width) was applied, cou-

lomb fission was observed (Fig. 

2a) at the meniscus of the capil-

lary. Coulomb fission is caused 

by excess charge accumulating in 

the meniscus and in the droplet 

formed. The repulsion of these like charges overcomes the surface tension and causes the droplet to split in order to increase 

surface area and accommodate the excess charge. To avoid this phenomenon and produce monodisperse drops, the peak volt-

age and pulse width were reduced to 1100 V and 560 µs respectively.  As seen in figure 2b fission was eliminated and stable 
generation of a primary droplet with a single, small secondary droplet was observed. These experiments demonstrate that 

through the control of the voltage applied and the duration of the pulse the dynamics of droplet formation and ejection can be 

 

Figure 1:  Microfluidic device for droplet gen-

eration, showing ground electrode, droplet in-

jection capillary, and oil flow. 

 

Figure 2: Modes of droplet generation when a single high voltage pulse is applied. a) 

When coulomb fission is present b) Ideal generation when no fission occurs.(Scale bar 

100 µm). 
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controlled. In order to determine the parameter space suitable for monodisperse droplet generation, experiments were con-

ducted at various frequencies, flow rates, bias voltages and pulse widths. Figure 2 shows that for a defined electric potential 

and flow rates, monodisperse droplet generation with minimal secondary droplets occur at low pulse widths. Additionally, it 

shows that modulating the pulse width over a limited range changes the diameter of the droplet generated.  

 When flow rates and fre-

quencies were held constant 

the parameters of pulse width, 

peak voltage, and bias were 

varied to determine the opti-

mum conditions where droplet 

generation is stable and mono-
disperse (figure 3). It is ob-

served that for each frequency, 

a unique set of parameters ex-

ist where droplet generation is 

monodisperse. Series of exper-

iments were performed to ob-

tain results in figure 5 where monodisperse droplets (10-110 µm) are generated at different flow rates (200 – 3000 µL) and 

frequencies (3 - 100 Hz). Each point represents an unique combination of electrical (frequency, pulse width, peak and bias 

voltages) and flow (oil and water flow rates) that produce monodisperse droplets with minimal secondary droplet generation. 

Figure 5 also shows that droplet diameters can be changed by changing just the electrical parameters while holding the flow 

parameters constant. This offers a rapid way to instantaneously switch between droplet sizes without the need to wait for flow 
stabilization. Although droplet sizes do decrease proportionally with increasing frequency, some deviation existed between 

the experimental results and projected diameters (estimated utilizing the values for flow rates and frequencies). This was due 

to the changes in peak/bias voltages and pulse width at each frequency in order to maintain monodisperse stable droplet gen-

eration. These results show that control over droplet diameter is possible through changes in the capillary flow rate or fre-

quency. Changes in the electrical signal enable the control of droplet diameter immediately, within seconds, whilst changes in 

flow rates require a period of up to 15 minutes for stability.  

 

CONCLUSION 
This method of droplet generation provides the user rapid control over droplet sizes via control of the electric signal with 

additional control possible through changes in the capillary flow rate. Using these results it is possible to electrogenerate 

monodisperse microdroplets in a microfluidic device at frequencies up to and exceeding 100 Hz.  
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Figure 3: 90 Hz droplet generation at different capillary flow rates a) 3000 pL/s b) 1000 

pL/s. Oil flow rate 8 mL/hr. Droplet generation is demonstrated to be stable and monodis-

perse. 
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CHIPS IN UNDER 30 MINUTES 
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ABSTRACT 

Here we report a rapid and simple approach to prototyping thermoplastic microfluidics in which a desired microchannel 
design is simply drawn directly on a thermoplastic substrate using a dry erase marker. The deposited ink selectively masks 
the substrate for patterned exposed to vapor-phase solvent, resulting in solvent uptake by the thermoplastic substrate and 
irreversible swelling of the exposed surface. Volumetric expansion of the surface results from rearrangement of mobile 
polymer chains within the polymer matrix and can be precisely tuned by adjusting the solvent exposure conditions to achieve 
a desired growth height. Furthermore, at the end of the orogenic growth process, the solvent-permeated surface can be 
permanently bonded to a cap layer, forming fully enclosed channels. Finally, the water-soluble ink remaining in the channels 
is simply washed away by a brief water flushing step. 

KEYWORDS
Desktop manufacturing, rapid prototyping, orogenic microfabrication 

INTRODUCTION 
There is growing interest in simple and rapid desktop manufacturing processes that can decrease the cost, time, and effort 

of microfluidic system prototyping and fabrication. Though a variety of material including silicon, glass, and thermoplastics 
can be used for prototyping in both research and commercial settings, polydimethylsiloxane (PDMS) is the most widely used 
substrate due to the relative ease and speed of fabrication by soft lithography1 techniques. However, low stiffness and 
mechanical robustness, high gas permeability, high water absorption, and incompatibility with many common solvents2 limits 
the use of PDMS in many instances. Thermoplastic substrates have emerged as a leading material system for microfluidics 
devices due to their extremely low water absorption, resistance to polar solvents, optical transparency, and overall robustness. 
Variety of techniques including hot embossing, injection micromolding, laser ablation, and direct micromachining are 
currently available for manufacturing of microfluidic chips with flexible geometric control and high resolution patterning of 
thermoplastics, however all these methods require significant investment of time, infrastructure, and labor. Therefore there is 
a particular need for a true desktop manufacturing process for thermoplastic substrates adaptable for both research and 
commercial purposes.  

Here we describe a new process enabling rapid desktop manufacturing of sealed microfluidic chips fabricated from 
homogeneous cyclic olefin copolymer (COC) substrate, termed orogenic microfabrication. Unlike traditional thermoplastic 
microfabrication, which involves removal or displacement of bulk polymer from the substrate, the orogenic process 
selectively raises the surface of bulk substrate by irreversible solvent swelling. During this unique fabrication process, 
regions of the surface masked with a material that serves as a barrier to solvent transport into the substrate are prevented from 
swelling, resulting in patterned depressions within the raised surface regions. In this paper, we utilize high-resolution pen 
nibs as ink mask deposition tools. Since the deposited ink mask defines the microchannel geometry, the desired patterns are 
defined by simply drawing the microchannel designs directly onto a COC substrate prior to solvent exposure and surface 
growth. Lateral channel dimensions are controlled by the deposited ink pattern, while channel height can be controlled by 
selected solvent exposure time as well as sealing pressure. Since the bulk surface is swollen with solvent at the end of the 
growth process, sealing of the channel is realized simply by mating the substrate with a second COC chip with pre-drilled 
fluidic access ports. The facile orogenic method is a simple approach for realizing sealed thermoplastic microfluidic chips in 
a rapid manner. The design-to-device process takes less than 30 minutes and uses ordinary equipment available in any 
research laboratory or commercial manufacturing sites. Using hand-drawn patterning as well as computer-generated design 
deposited using a robotic pen-plotter we demonstrate the utility and ease of fabrication of “pen microfluidics” process. 

FABRICATION 
Mask patterning. Ink from commercial wet-erase marker was used as masking layer for all experiments. High-resolution 

masking was performed using Pigma Micron pens with a 200 !m diameter nib. For simple straight channels a straight-edged 
guide was used to assist in drawing the mask by hand. For precise patterning, a 3-axis robotic stage was modified with a pen 
holder, allowing direct and automated transfer of a computer-generated mask layout to the COC chip.  

Microchannel fabrication. The masked COC substrate was positioned face down at the top of the glass chamber, with a 
sheet of dicing tape used to hold the chip in place. The solvent volume was selected to define a 5 cm gap between the liquid 
solvent surface and the COC chip. After exposure to solvent vapor for the desired time, the COC chip was promptly removed 
from the solvent dish and brought into contact with a mating COC sealing layer. The resulting multilayer chip was then run 
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through a desktop laminator to apply consistent pressure to the 
mating surfaces, resulting in a permanent solvent bond. Before 
bonding, fluidic access ports were milled in the COC sealing 
chip using a 125 !m diameter end mill. Interfacing between 
the ports and syringe pumps was realized by inserting needle 
tubing segments into the ports.4 

RESULTS AND DISCUSSION 
Microchannel patterning via orogenic growth. Solvent 

swelling of amorphous thermoplastics has been extensively 
studied for a variety of bulk materials. However, with the 
exception of investigations of solvent permeation through thin 
polymer films,5 localized surface swelling at the 
nano/microscale remains virtually unexplored. Here we take 
advantage of patterned solvent swelling in COC substrates for 
microchannel fabrication. We recently established that for a 
particular grade of COC (Zeonor 1060R), large and permanent 
surface swelling can be controllably achieved by cyclohexane 
absorption, 3 using a variety of masking materials to realize 
growth heights above 50 !m. In the present work we have 
explored application of the orogenic process to microchannel 
fabrication using commercially available ink deposited from a 
pen as a masking layer. The basic process is described in Fig. 
1. Ink from a pen with a fine-tip felt nib is written onto a COC 
surface by manual or computer-controlled deposition, followed 
by exposure to solvent vapor for a specified time required to 
grow the surface outside of the masked regions by the desired 
channel height. The solvated surface is then brought into 
contact with a mating sealing layer comprising a COC chip 
with pre-drilled fluid ports, resulting in a permanent solvent 
bond between the layers due to the presence of solvent within 
the field of the microchannel substrate. Uniform sealing 
pressure is achieved by running the chip through a desktop 
laminator. Depending on the desired channel height, the process entire process from mask patterning to sealed chip is 

typically completed within 30-60 min. 
 Channel Width. Lateral dimensions in the orogenic process are 
defined by mask linewidths, and only limited by the pen nib 
dimensions. Using wet-erase markers linewidths below 2mm could 
be reliably formed by manual writing while lines of ~600!m could 
be achieved with the aid of a straight edge. After drawing the ink 
mask, exposed the chip to solvent vapor for 15 min, and sealing the 
channel, the water-soluble ink was removed by flushing the channels 
with DI water (Fig. 2b,c). The resulting channel height was 
determined to be 29 !m from SEM imaging, as shown in Fig. 2d. To 
achieve smaller mask linewidths, wet-erase marker ink was removed 
from the native casing and injected into a refillable fiber-tip marker 
with a reported 200 !m nib diameter. After mask drawing, orogenic 
growth, and chip bonding, the ink was flushed with DI water and the 
channel cross-section imaged by SEM. The resulting microchannel 
was found the be 23 !m high and 188 !m wide (Fig. 3) 
 While higher-resolution markers with nib dimensions as small as 30 
!m are available, our tests with markers smaller than 200 !m were 
inconsistent due to irreproducible ink deposition. 
 Channel Height. In our previous work exploring the 

fundamental aspects of orogenic growth using cyclohexane as a solvent for COC, short solvent exposure times below 5 min 
were found to produce consistent submicron growth heights, while 60 min exposure yielded an average growth height of 
51 !m, with nearly linear growth between 5-60 min.3 However when using the ink mask method, maximum channel heights 

Figure 1: Overview of the pen microfluidics fabrication 
process. (a) An ink mask is drawn on a COC chip surface. 
(b) Vapor-phase solvent exposure results in patterned 
growth of the COC surface by solvent swelling. (b) Bonding 
is realized by bringing the patterned surface into contact 
with a sealing layer followed by solvent bonding using a 
desktop laminator. (d) The water-soluble ink masking layer 
remaining within the sealed microchannel is removed by 
pumping aqueous buffer through the channel. 
 

Figure 2: (a) Manual writing with a wet-erase pen 
onto a COC chip, followed by 15 min orogenic 
growth and solvent bonding, (b-c) injection of water 
through the resulting microchannel network, and (d) 
cross-section of the sealed microchannel. 
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of 19±1!m were measured, with no increase in channel height 
observed for solvent exposure times longer than 15 min when a 
constant pressure of 350 psi was applied for 1 minute for channel 
bonding. Orogenic growth is a result of absorption of solvent into the 
polymer, resulting in a deformable matrix. The pressure used during 
the bonding process immediately after solvation thus leads to polymer 
flow, reversing some of the growth occurred during solvent exposure, 
forcing the swollen layers of substrate back into the bulk polymer. Our 
initial results indicate that decreasing the bonding pressure will result 
in deeper channels, with 80-100 micron channel heights easily 
achieved by minimizing the bonding pressure and time. 

A central goal of this work was to demonstrate the pen 
microfluidics technique as a low-cost desktop manufacturing platform 
suitable for adoption by any research group seeking to develop 
thermoplastic microfluidics without significant infrastructure 
investment. While manual mask drawing may be suitable for some simple microfluidic applications, automated robotic 
control over pen motion is necessary for most real-world microfluidic systems where pattern accuracy and precision are 
important considerations.  In order to achieve this goal, a high-end 3-D stage axis was modified and used as a pen plotter to 
transform computer-generated designs into masking layers. A spiral diffusive micromixer was fabricated using this approach 
to showcase the applicability of pen microfluidic method in fast prototyping of complex microfluidic devices. Figure 4 
illustrates the fabricated chip with needle inserts prior to washing of the masking layer. Efficient diffusive mixing was 
achieved downstream the spiral when two colored dyes were injected from inlet needle ports. 

CONCLUSION 
In this paper we presented a facile microfluidic device fabrication method utilizing commercially available inks as 

masking layer in orogenic growth of thermoplastic substrates. The true sealed thermoplastic-only chips are made with 
minimum manufacturing requirements of only plastic, a pen, and a solvent dish. The fabrication approach combines channel 
formation and bonding into a single step, where the solvent permeated surface can be permanently bonded to a cap layer, 
forming fully enclosed channels. The simplicity of this approach allows any user to draw channel features directly on a 
thermoplastic substrate using standard wet-erase marker ink with a total cycle time below 30 minutes from initial design to 
final device. This process offers a unique and exceptionally rapid approach to thermoplastic microfluidic prototyping.   
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Figure 4: Bright field images of a microchannel formed in a COC 
chip by orogenic growth with a manually-drawn ink mask (a) 
immediately after microchannel sealing and (b) following buffer 
rinsing to remove the water-soluble ink. (c) Cross-sectional SEM 
image of a typical microchannel, 180 !m wide and 23 !m tall.  
 

Figure 3: Spiral diffusive micromixer fabricated 
using a pen plotter for computer-controlled mask 
deposition. (a) Image of the fully bonded chip before 
flushing ink from the enclosed microchannel, and 
images of dye solutions (b) at the confluence of the 
injected dye streams and (c) within an arm of the 
spiral showing formation of a smooth dye gradient. 
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ABSTRACT 
 A novel way of manufacturing DNA microarrays based on a copy process is presented. A picowell sequencing chip 
[1] is used as copy template to perform thousands of parallel PCR reactions within each 76 pl well. Thereby, the DNA 
from 83 % of the wells is copied onto a planar slide providing the DNA microarray copy of the sequencing chip. 
 
KEYWORDS: Next-generation sequencing, DNA microarrays, solid-phase PCR, parallelization 

 
INTRODUCTION 
 DNA sequencing technology is a powerful tool for decoding the sequence of whole genomes. In the GS FLX system 
(Roche/454), DNA to be sequenced is immobilized onto microbeads via emPCR and decoded by pyrosequencing [1].  
DNA microarrays enable a massively parallel analysis of SNPs, mRNA, or genes. Current microarrays are mainly in-situ 
synthesized by photolithograpy [2] or printing [3]. Such arrays bear drawbacks by the synthesis itself like limited length 
of DNA probes or high error rates within the sequence.  
 We present an ingenious way for manufacturing DNA microarrays by copying the DNA out of a sequencing chip. By 
combining both technologies unique characteristics can be realized. Firstly, whole genome microarrays derived from 
natural DNA can be generated. Secondly, low error rates within the sequences can be obtained due to biosynthesis 
compared to the in-situ synthesis of the state of the art. Thirdly, the length of the sequence can be adjusted within a range 
of 100 – 1500 bp. 
 
FUNCTIONAL PRINCIPLE 
 Test DNA sequences are coupled to microbeads from the GS FLX system. DNA beads are then mixed with a PCR 
reaction mix. This mix is loaded into a commercial sequencing chip (PicoTiterPlate, PTP™) and sealed with a planar 
COP slide coated with solid phase primers [4]. This primer sequence is complementary to a generic primer sequences 
flanking each DNA sequence. Bead-bound DNA colonies from each well are amplified and simultaneously bound to the 
slide via the mechanism of solid-phase PCR [5]. After PCR, the slide is detached, washed, and stained (Figure 1). 
Thereby, the transfer and identity of individual DNA colonies from the wells to corresponding areas on the planar slide is 
visualized [6]. 
 

Figure 1:  (A) Solid-phase primers (b) are immobilized onto a 188 μm thick COP slide (a). Wells with a volume of 76 
picoliter (c) of the sequencing chip PTP™ are loaded with DNA beads (d) containing DNA fragments (e). (B) The chip is 
then filled with a PCR mix and sealed with the slide. (C) After solid-phase PCR, the generated product is bound to the 
slide and stained either unspecific by coupling streptavidin-Cy5 to incorporated biotin-dUTP molecules or specific by 
molecular hybridization with labeled probes. 
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EXPERIMENTAL RESULTS 
 Firstly, a PCR mix is doped with soluble 1,513 bp DNA fragments. After 50 PCR cycles, the homogeneous signal 
distribution on the slide shows the pattern of the sequencing chip (Figure 2 A). This demonstrates that the fundamental 
reaction works in each well. 
 Secondly, copy reaction is performed using DNA beads featuring a 100 bp DNA sequence. After 20 PCR cycles, a 
discrete pattern of signals is obtained on the slide, which matches the DNA bead distribution of according chip (Figure 
2). After evaluation, DNA from 83 % of the beads is copied onto the slide (Figure 3). 
 Thirdly, a copy reaction is performed using two different DNA beads. After 20 PCR cycles and two-color 
hybridization, a red-green pattern of signals is obtained on the slide demonstrating leak-tightness of wells (Figure 4). 
 

Figure 2:  (A) Copy process after 50 PCR cycles with calculated 20 unbound DNA fragments per well, a slide containing 
a matching solid-phase primer, and staining with streptavidin-Cy5 resulted in a regular chip-like pattern of signals. This 
demonstrated that the copy process worked in each well in principle. (B) No signals were detectable when a mismatching 
solid-phase primer is used. (C) Copy process with one sort of DNA beads after 20 PCR cycles resulted in a distinct 
pattern of signals. 
 

Figure 3:  (A) Copy process with 5,000 DNA-beads distributed to 50,000 wells. The microscopic image of the sequencing 
chip after the copy process and the fluorescence image of the corresponding slide are merged. (B) Analysis of (A) 
revealed that at least 83 % of signals are triggered by a DNA bead. Due to washing the chip before imaging, beads may 
be lost in positive wells. Roughly 17 % of the beads did not generate any signal. 
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Figure 4: Copy process with two different DNA beads (5,000 each) distributed to 50,000 wells. Each sort of bead carried 
a unique 100 bp sequence. After PCR, two-color hybridization identified the two different DNA sequences copied onto 
the slide. Only green and red signals were obtained verifying that wells are entirely enclosed during the process. 
 
CONCLUSION AND OUTLOOK 
 This work shows an unprecedented technique for copying the sequencing chip PTP™ into the format of a DNA 
microarray. We successfully implemented a massively parallel solid-phase PCR within picoliter volumes and showed for 
the first time solid-phase PCR on a COP surface. This copy process may enable the fabrication of next generation DNA 
microarrays with truly natural DNA of fully sequenced whole genomes with probe length up to 1,500 nucleotides and 
unmatched purity. 
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ABSTRACT
Microfluidic bioartificial organs allow the reproduction of in vivo-like properties such as cell culture in a 3D 

dynamical micro environment [1]. In this work, we established a method and a protocol for performing the integration of 
transcriptomic, proteomic and metabolomic profiles in order to investigate xenobiotic toxicity. For that purpose, we present 
the example of the analysis of HepG2/C3A treated with acetaminophen (APAP) and cultivated in a liver microfluidic 
biochip.  
KEYWORDS : liver biochip, transcriptomic, proteomic, metabolomic, microfluidic, acetaminophen 

INTRODUCTION 
A variety of approaches are available for describing the behavior and activity of cells as they react to stress, such as 

during exposure to a drug. Transcriptomic, proteomic and metabolomic techniques are part of those [1] (Boverhof et al., 
2006). Genomic and transcriptomic methods can provide a near-complete analysis of the hereditary material of living 
organisms. Proteomics assay proteins contributing to the structure and function of a cellular compartment, a cell, a tissue or a
whole living organism. Lastly, metabolomics, have also been proposed to analyze concurrently all the small intermediate or 
final metabolites produced by chemical reactions taking place in cells or whole organisms.  Metabolomics can potentially 
identify all the changes in biochemical composition and metabolism occurring after exposure to a given substance. All these 
“omic” approaches can therefore help understanding how a substance acts, at various levels, on an organism. 

To investigate the potential of integrating systems biology and microfluidic biochip technology, we present here the 
interaction between the transcriptomic, proteomic and metabolomic profiles of the hepatic HepG2/C3a cell line cultivated in 
a microfluidic PDMS biochip and exposed to acetaminophen (APAP). In the liver, APAP is metabolized by the cytochromes 
CYP2E1, CYP1A2 and CYP 3A4 to a toxic intermediate N-acetyl-p-benzoquinone imine. Secondary metabolism is mediated 
by glutathione (GSH), sulfo- and glucurono- conjugations. Thanks to the microfluidic culture conditions, we were able to 
identify the major biological pathways involved in APAP toxicity to hepatocytes. Finally, a comparison with published in
vivo studies lead to a similar interpretation of APAP toxicity mechanism, as opposed to the results that we obtained from the 
conventional plate analysis. 

EXPERIMENTAL 
To fabricate the biochips, we used the Polydimethylsiloxane polymer (PDMS). The biochips were coated with 

fibronectin before carrying out the cultures. The cells were cultivated in the biochips under static conditions during 24 h for
adhesion. Then, a flow rate of 10 µL/min of medium was applied for 72 h.. The cells were seeded at a density of 2.5x105

cells/cm2 in plates and in biochips (this corresponds to 5x105 cells/biochip). For APAP treatment, 1 mM of acetaminophen 
was loaded in the plates and the biochip circuits just before the start of perfusion.  
 At the end of the culture, the cells were collected from three independent experiments (resulting to 3x3=9 samples 
per control and APAP treated biochips and plates) to perform the mRNAs extraction and transcriptomic profiling. Additional 
four experiments were used to extract intracellular proteins (from 4x3=12 samples) for the proteomic analysis. The culture 
medium was sampled from all experiments to perform the metabolomics analysis. Detailed protocols are presented in 
reference [2]. 

RESULTS
The transcritpomic comparison between the biochip and Petri (without APAP treatment) revealed that “drug and 

lipid metabolisms” and “molecular transport” appeared in the “Top networks” significantly affected by the microfluidic 
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culture conditions. Then, in the “ToxList” we found the RXR/PXR activation pathway (involved in drug metabolism) and an 
inflammatory response via the NRF2 pathway (table 1). Consequently, genes and proteins involved in xenobiotic metabolism 
(phase 1 and phase 2 enzymes, phase 3 transporters) were particularly over expressed in the biochip (Figure 1). Since 
HepG2/C3a cells derived from a hepatoblastoma, the “cell compromise” and “cancer pathway” were also extracted. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

Table 1:  Ingenuity analysis of the transcriptomic data related to the treatment effect in the biochip and in Petri. 
 

  Integration of the transcriptomics, proteomics and metabolomics analysis confirmed the impact of the 
microenvironment on the cellular behavior. Indeed, 26 protein markers detected in the proteomic analysis also appeared at 
the gene levels (Figure 1) and are involved in hepatic functions. Whereas specific extracellular biomarkers (such as the 3-
hydroxybutyrate) confirmed the cytoprotective response at the metabolome level, due to the microfluidic biochip cultures.  

Induction of the drug metabolism pathway in the biochip results in a higher metabolism of the acetaminophen 
(APAP) when compared to Petri cultures. The filtered fold change gene lists in the APAP treated conditions led to 1236 
genes differentially expressed between the Petri dishes and the microfluidic biochip (730 up-regulated and 506 down-
regulated). Thus, we observed 50% growth inhibition of cell proliferation at 1mM in the biochip, which appeared similar to 
human plasmatic toxic concentrations reported at 2mM (Figure 2).  
 

 
Figure 1: (A) Main genes and proteins (B) differentially expressed by the environment condition and involved in hepatic 
differentiated function 
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Figure 2: Comparison of the cell growth in biochip and Petri dishes in untreated and treated conditions with 1mM of APAP 
after 96h of cultures  
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The metabolic signature of APAP toxicity in the biochip showed similar metabolic pathways as those reported in 
vivo, such as the calcium homeostasis, lipid metabolism and reorganization of the cytoskeleton, at the transcriptome and 
proteome levels (which was not the case in Petri dishes), as shown in table 1. At the metabolome level, the mechanism of 
toxicity was confirmed by the important production of 2-hydroxybutyrate and 3-hydroxybutyrate, and the methionine, 
cystine, histidine consumptions in treated biochips. Interestingly, those metabolites correspond to specific biomarkers of 
hepatotoxicity and glutathione depletion, as reported in the literature. 
 The integration of the transcriptomic, proteomic and metabolomics profiles allowed the reconstruction of a network 
describing the mechanism of action of APAP (Figure 3). The results demonstrate a network closed to situations found in vivo 
[3]. 

 
Figure 3: APAP toxicity pathway reconstruction from biochips experiments [2] 

 
CONCLUSION 

In summary, we have characterized the transcriptomic, proteomic and metabolomic profiles of HepG2/C3AC3a cells 
cultivated in a microfluidic environment. The toxicological response of HepG2/C3A cells in biochips cultures to APAP 
injury could be correlated to glutathione depletion and to the apparition of NAPQI. That led to a perturbation of calcium 
homeostasis via mitochondrial perturbations, to lipid peroxidation and to cell death. In addition, we also illustrated the 
applicability of an exploratory spectroscopic phenotyping assay to identify metabolic biomarkers of xenobiotics exposure and 
toxicological insults in mammalian cells thanks to microfluidic cultures. Therefore, the “systems biology on chip’ approach 
we propose, has the potential to allow serendipitous discovery of cell-specific dose-response markers, while reducing the use 
of laboratory animals. Finally, our finding provide an important insight into the use of microfluidic biochips as new tools in 
biomarker research in therapeutic drug studies and predictive toxicity investigations. 
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ABSTRACT 

A drug release monitoring method using Tb3+ ion as a fluorescent probe of controlled drug release system with 
monosized drug-loaded poly(lactic-co-glycolic acid) (PLGA) microparticles is presented. The luminescence properties of 
Tb3+-enoxacin complex were characterized by 3D fluorescence (FL) spectrum to optimize the instrumental parameters. 
Drug release profiles from the enoxacin-loaded monodisperse PLGA microparticles were simultaneously monitored by 
the presented FL method and the UV-Vis spectroscopy for the evaluation of the signal correlation. By using this novel 
FL method, the effects of solvents on the drug release profile of drug-loaded monodisperse PLGA microparticles were 
investigated. 
 
KEYWORDS 
PLGA microparticle, ligand-sensitized fluorescence, controlled drug release, microfluidic flow focusing device. 
 
INTRODUCTION 

Recently, manipulating techniques for the controlled (or sustained) drug release have gained tremendous interests in 
drug delivery system (DDS) and micro total analysis system (μ-TAS) for pharmaceutical or biotechnological applications. 
[1-2] Considerable research has been conducted to investigate DDS via biodegradable and biocompatible polymeric 
carriers. Among the polymer materials, PLGA has been widely employed as a matrix for encapsulation of biomolecules 
and synthetic drugs. Conventionally, the drug release profile is determined by measuring the absorbance of drug 
molecules released into release medium by UV-Vis spectrophotometry [3] and high performance liquid chromatography 
(HPLC) [4]. Other techniques involve measuring the FL intensity of the fluorescent molecule itself [5], not the drug. In 
this study, we prepared enoxacin (ENX)-loaded monodisperse PLGA microparticles using a microfluidic flow focusing 
device (MFFD) followed by a solvent evaporation technique. The prepared ENX-loaded PLGA microparticles were then 
used to investigate the drug release profiles via a novel detection method, Tb3+ as a fluorescent probe. This method was 
designed to monitor drug concentration in release medium more sensitively and to make the measurement procedure 
simple. 
 

 

  

  
 

Figure 1. The monodisperse PLGA microparticle fabrication using a microfluidic flow-focusing device and its 
characterization (a) schematic diagram of a MFFD, (b) inverted optical microscopy image of the flow-focusing region 
generating microdroplets, (c) SEM image of the PLGA microparticles and (d) size distribution. 
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EXPERIMENT 

A drug, ENX that is fluoroquinolone antibiotics, loaded PLGA microparticles were prepared by a microfluidic chip-

based flow focusing device (Figure 1(a, b)). Different from bulk and membrane emulsification methods, the microfluidic 

chip-based flow focusing device produces nearly monosized microparticles as shown in Figure 1(c, d). Furthermore, the 

diameter of the monodisperse PLGA microparticles could be adjustable from 30 to 50 μm by controlling the flow rate of 

disperse and continuous phase. Because it is important for quantitative research to precisely control the size distribution 

and diameter which are deeply related with PLGA degradation process. The mean diameter of the PLGA microparticles 

was 36.7 μm with the standard deviation of 0.95 μm (n=178). Several micro-craters induced by solvent diffusion between 

the oil-water interfaces were observed on the surface of the PLGA microparticles. 

 

When Tb
3+

 ion makes complex with organic compound such as β-diketone or polycarboxylic acid, the FL intensity is 

highly enhanced. The enhancement of FL intensity can be explained by intramolecular energy transfer from ligands to 

metal ion, which is widely known as ligand-sensitized FL or antenna effect (Figure 2(a)) [6-7]. Figure 2(b) shows 

characteristic sharp FL emission peaks of Tb
3+

 complex due to its 4f orbital transition. Two different calibration curves of 

ENX were acquired by measuring absorbance at wavelength of 268 nm and emission FL at 544 nm using ENX standard 

solution in order to convert each signal to ENX concentration (Figure 2(c, d)). The presented FL method was analyzed 

and compared with UV-Vis absorption method as shown in Table 1. The results showed that the presented FL method 

produced more sensitivity with lower detection limit than the UV-Vis method. Under the optimized parameters, drug 

release kinetic profiles from ENX-loaded PLGA microparticles were simultaneously cross checked by presented FL and 

absorbance in order to investigate signal correlation between two methods (Figure 3). 

 

   

  
  

Figure 2. Drug release detection method (a) conceptual schematic illustration of energy transfer from ENX to Tb
3+

, (b) 

3D fluorescence spectrum of Tb
3+

-ENX complexes, calibration curves of ENX using (c) ligand-sensitized FL and (d) UV-

Vis method. 

 

Table 1. Comparison between ligand-sensitized FL and UV-

Vis method 
 

Data analysis Ligand-sensitized FL Abs 

Calibration curve 

(x, μM) 
y = 253.5x + 79.6 y = 0.272x + 0.001 

Dynamic range 

(μM) 
0.01~10 0.05~100 

Detection limit 

(nM) 
1.5 9.8 

Reproducibility 

(%) 
2.80 1.59 

Correlation 

coefficient 
0.9974 0.9994 

 

 
 

Figure 3. Signal correlation between ligand-sensitized 

fluorescence and absorbance in drug release system. 
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To investigate a solvent effect on drug release, two solvents of dichloromethane (DCM) and dimethyl carbonate 

(DMC) were adopted to dissolve PLGA in the preparation procedure of ENX loaded PLGA microparticles. Then, the 

drug release kinetic profiles of two kinds of ENX loaded PLGA microparticles were monitored over 47 days as shown in 

Figure 4. Although the burst release induced by diffusion was observed with both conditions, those synthesized with 

DMC showed that slowly increased concentration range from 10 to 32 day by degradation of PLGA. The degradation 

process of ENX-loaded PLGA microparticles (Figure 4(b, c)) showed physical morphology with porous microstructure 

that influence drug releasing rate. 
 

 
 

Figure 4. (a) Cumulative ENX release profile from PLGA microparticles, surface morphology of degradable PLGA 

microparticles (b) day 1, (c) day 47. 

 

CONCLUSION 

The drug encapsulated PLGA microparticles were prepared by MFFD to keep diameter and size distribution of 

microparticles under control. Moreover the ligand-sensitized FL, Tb
3+

 as fluorescent probe, was successfully applied to 

drug release monitoring from the prepared PLGA microparticles. The presented FL method provide superior way for drug 

release monitoring because of its lower detection limit as well as better sensitivity than UV-Vis method, furthermore the 

presented FL method can be introduced to various other drugs and biomolecules which make complex with lanthanide 

ions. 
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ABSTRACT

We present a yeast-based ligand assay system to detect activation of G protein-coupled receptors (GPCRs) in 
water-in-oil (W/O) droplets. A microfluidic device is used to encapsulate template DNA encoding peptides, a
cell-free coupled transcription–translation system, and budding yeast cells expressing GPCR into W/O droplets. The 
yeast cells are genetically engineered to express green fluorescent protein (GFP) via their intracellular signaling 
pathway in response to ligand stimulation of GPCR. We successfully demonstrated that the synthesized peptide 
ligand activated the cognate GPCR in W/O droplets. This will be a new platform for identifying novel peptide 
agonists for mammalian GPCRs. 

KEYWORDS
GPCR, Ligand assay, Droplet, Yeast, Cell-free protein synthesis

INTRODUCTION
GPCRs are transmembrane receptors that transduce an extracellular signal into an intracellular signal, and are 

targets of many therapeutic drugs. Thus, screening many thousands of samples for each target GPCR is routine 
practice to identify novel ligands and drugs in pharmacological research. The screening of GPCR ligands has 
generally been based on a mammalian cell-based assay system that monitors downstream events of signal cascades. 
However, mammalian cell-based assays have the disadvantage that endogenous receptors on host cells respond to 
their ligands, resulting in false positive signals. Simple assay systems are needed that can pair biologically active 
ligands with their cognate receptors. The budding yeast is a familiar host cell for the study of GPCRs because it 
possesses the uncompetitive and monopolistic G-protein signaling pathway, to which a variety of mammalian 
GPCRs have been coupled. We accordingly developed a yeast-based ligand assay system to detect GPCR activation 
in W/O droplets.

EXPERIMENT
Figure 1A shows a schematic representation of our GPCR ligand assay system. This system is based on linking 

genotype and phenotype by in vitro compartmentalization using W/O droplets [1]. A DNA library encoding peptides, 
a cell-free coupled transcription–translation system, and budding yeast cells expressing the target GPCR are 
co-encapsulated into W/O droplets using a microfluidic device. Yeast cells are genetically engineered to express 
green fluorescent protein (GFP) via their intracellular signaling pathway in response to ligand stimulation of GPCR 
[2] (Figure 1B). Thus, the droplets will fluoresce when synthesized peptides stimulate GPCRs on yeast cells, thereby 
enabling easy identification of possible ligand candidates. We demonstrated that a synthetic peptide ligand activated 
the cognate GPCR in W/O droplets.

A microfluidic device with a cross-junction microchannel was used to generate W/O droplets. The device was 
fabricated from polydimethylsiloxane (PDMS) using standard soft-lithography and mold-replica techniques. Both 
the aqueous and oil solutions were injected into the channel by air pressure controlled with electro-pneumatic 
transducing regulators. The aqueous solution contained a reconstituted cell-free coupled transcription–translation 
system (PURExpress; New England BioLabs), PCR products encoding GFP or peptides, yeast cells harboring the 
reporter plasmid, and 2% (w/v) glucose. The oil solution consisted of mineral oil with 4.5% (v/v) Span 80, 0.45% 
(v/v) Tween 80, and 0.05% (v/v) Triton X-100. The generated droplets (approximately 23 μm in diameter) were 
collected into a PCR tube and incubated for 4 hours at 30°C to allow gene translation and ligand stimulation. The 
yeast strain and plasmid used in this study are shown in Table 1.

Table 1: Genotype of yeast strain and plasmid description
Strain/plasmid Genotype/description Reference

Strain
MI-7 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 far1∆ sst2::kanMX4 [3]

Plasmid
pMHG-FIG1 Multicopy reporter plasmid containing FIG1 promoter, GFP reporter gene, 2µ origin, and HIS3 marker [4]
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RESULTS AND DISCUSSION
We first tested cell-free GFP synthesis in the presence of yeast cells in W/O droplets. GFP expression was 

observed in the droplets, indicating that the presence of yeast cells did not significantly inhibit protein expression 
(Figure 2).

We next encapsulated the α-factor gene and yeast cells endogenously expressing Ste2p in the droplets (Figure 3). 
α-factor, a yeast peptide mating pheromone, binds Ste2p and induces GFP expression via the pheromone signaling 
pathway. After incubation, GFP-expressing cells were clearly observed in response to α-factor stimulation (Figure 
3A). In contrast, a noncognate peptide for Ste2p (Pou-Helix1) and the absence of template DNA did not induce GFP 
expression (Figure 3B and C).

Figure 3: Ligand synthesis and ligand stimulation in W/O droplets. (A-C) Bright-field images (top) show yeast cells 
encapsulated in droplets. Fluorescence images (bottom) show GFP fluorescence or endogenous autofluorescence.
(A) In the presence of template DNA encoding α-factor (approximately 25000 molecules/droplet). (B) In the presence 
of the template DNA encoding noncognate peptide for Ste2p (Pou-Helix1) (approximately 25000 molecules/droplet). 
(C) In the absence of template DNA. Scale bar represents 10 μm. (D) Average fluorescence intensity of yeast cells in 
W/O droplets. Error bars represent standard deviation (A, 136 cells; B, 112 cells; C, 107 cells). 

Figure 2: Cell-free GFP synthesis in the absence and 
presence of yeast cells in W/O droplets. The 
bright-field image (left) shows yeast cells encapsulated 
in droplets. The fluorescent image (right) shows GFP 
fluorescence. Two upper droplets contain yeast cells, 
while two lower droplets do not. Scale bar represents 
10 μm.

Figure 1: (A) Schematic of 
yeast-based ligand assay system for 
detecting GPCR activation in W/O 
droplets. (B) Schematic showing the 
yeast cell genetically engineered to 
express GFP in response to ligand 
stimulation. 
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We also performed the same experiments using small amounts of template DNA. In the presence of the 
five-molecule template DNA per droplet, most yeast cells showed no fluorescence, but some cells showed discrete 
intensity levels (Figure 4). This result indicated that the α-factor synthesized in the droplets successfully induced 
GFP expression. 

CONCLUSION
We established a yeast-based ligand assay system to detect GPCR activation using droplet-based microfluidics. 

Yeast cells are known to be suitable hosts for mammalian G-protein coupled receptor ligand screening. Our system 
will provide an effective approach for the high-throughput screening of peptide ligands targeted at mammalian 
GPCRs by evolutionary molecular engineering.
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Figure 4: α-factor synthesis from the five-molecule
template DNA and ligand stimulation in W/O 
droplets. Bright-field images (top) show yeast cells 
encapsulated in droplets. Fluorescence images
(bottom) show GFP fluorescence or endogenous 
autofluorescence. (A) In the presence of 
five-molecule template DNA. White arrowhead 
shows a fluorescent yeast cell in response to 
α-factor stimulation. (B) In the absence of DNA 
template. Scale bar represents 10 μm.
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TOWARDS A “BODY ON A CHIP” USING SPHERICAL MICROTISSUES 
IN A MICROFLUIDIC NETWORK 

Olivier Frey1, Soumyaranjan Mohanty1, Wolfgang Moritz2 and Andreas Hierlemann1 
1ETH Zurich, Dept. of Biosystems Science and Engineering, Bio Engineering Laboratory, Basel, Switzerland 
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ABSTRACT 
Combining 3-dimensional spherical microtissues and microfluidic technologies lays the foundation for a modular 

pharmacological platform for drug development, toxicity testing, and investigations of complex compound-tissue 
interactions. In this contribution, we present the basic concept of our idea and illustrate how simple 3D tissue structures 
can be integrated in a continuous-perfusion environment by using basic microfluidic structures. First validations have 
been performed by optical means and by measuring tissue-specific viability markers. 

KEYWORDS 
Body on a chip, 3D tissue, drug development, perfusion, HepG2 

INTRODUCTION 
In-vitro cell-based assays play a key role in the overall process of drug discovery and can provide essential 

information on the efficacy and toxicity of a new compound. In order to increase the predictability of such assays, 3-
dimenstional tissue constructs receive more and more attention, as their organotypic nature is better suited to study 
complex physiological processes than that of 2-dimensional cell cultures. This includes aspects of morphology, 
mechanical properties, and biochemical functionality [1]. Such an in-vivo-like behavior is not only dependent on the 
fabrication method of 3-dimensional tissue structures, as the utilized microenvironment also strongly influences long-
term viability and functionality. 

In this contribution, we focus on spherical microtissues, produced by the hanging drop technology [2], as they offer 
two key advantages over other cell culture formats that have been used in conjunction with microfluidic networks for 
cell-based assays [3]: First, they are comparably simple and reproducible to fabricate, and possess organotypic 
functionality and biomimetic morphology. Second, their spherical shape and compact constitution, as well as their 
precisely controllable size make them ideal candidates for handling in microfluidic structures in contrast to 3D-hydrogel 
or scaffold-based cell-cultures. 

Combining the advantages of spheroids and the technical capabilities of microfluidic engineering offers the 
possibility to develop a modular platform that accommodates multiple tissues of different cell types (e.g. tumor, liver, 
heart). Dedicated culturing compartments host the microtissues, and fluidic interconnections between these 
compartments allow for mimicking the physiological context and conditions of the human body. Such a “Body-on-a-
Chip” system will potentially allow for obtaining more predictive and reliable data at an early stage in the drug 
development process. 

EXPERIMENT 
The technological approach is presented in Figure 1. 3D-microtissues of different human cell types (e.g. HepG2) are 

reliably formed off-chip in hanging drops using the commercially available GravityPLUSTM plate of InSphero AG, 
Switzerland. With a defined number of cells in suspension (500-1000), drops of 40 !l are generated. After 3-4 days in 
culture, spheroids are formed, which continuously grow. Upon reaching a defined diameter, they are directly transferred 
into the tissue inlet of the microfluidic chip, which is aligned underneath the specific drops. The collected spheroid(s) 
is/are moved to the respective compartments by using gravitational force (Fig. 1a). A defined channel layout (400 !m 
high, 600 !m wide) and tilting sequence fully exploit the tissue shape and allow for positioning of different microtissue 
types at different sites. This can either be achieved in parallel (b1) or in series (b3) and provides a physiologically 
relevant arrangement to mimic conditions in the human body (Body-on-a-Chip). The microtissues can also be used as 
building blocks to create larger tissue structures on chip by merging tissues of the same or different cell types (b2). 

The tissue sites are fluidically interconnected to simulate blood-flow-conditions and metabolite-exchange. A lower 
height (100-150 !m) of these perfusion channels ensures that the microtissues will not be dragged away from their 
culturing site and are not directly exposed to the flow stream, which could generate excessive shear-stress at the tissue 
surface. 

The operation of this gravity-based approach is very simple, especially under the required sterile working conditions; 
the robust and parallel loading of tissues is scalable towards the GravityPLUSTM 96-well plate format for higher-
throughput testing. 
      Microfluidic structures have been fabricated in PDMS, casted from a multi-layer SU-8 mold, fabricated by standard 
photolithographic processes. The PDMS has been subsequently bonded to a glass slide using O2-plasma activation. Inlet 
ports for liquid and tissues are vertically punched into the PDMS. Two additional reservoirs (PDMS ring structure) are 
placed at the fluidic in- and outlet. PDMS chips are stored at room temperature for at least two days to recover the 
hydrophobic surface. Before use, the microfluidic chips are degassed, sterilized using an ethanol dilution series, 
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Figure 1: (a) Sequence for off-chip microtissue fabrication using the hanging-drop technique in a GravityPLUSTM plate 

of InSphero AG, Switzerland and direct transfer into the microfluidic chip. The tissue (diameter ~300 µm) is guided 
through dedicated channels to trapping sites by using a defined tilting sequence of the chip. Different tissue loading 

channel layouts allow for reliable arrangement of different tissue types for dedicated drug screening experiments: (b1) 
single tissues and individual inlets, (b2) parallel inlet and tissue accumulation and merging, and (b3) serial inlet into 

different trapping sites. Lower-height fluidic interconnection channels are used for continuous perfusion and metabolite 
transfer. 

 
thoroughly rinsed with sterile de-ionized water, and filled with culture medium. After tissue loading, inlet ports are 
closed with stainless steel pins (Fig. 2a). The perfusion flow-rate is controlled by bi-directional tilting of the microfluidic 
chip at specific angles generating a hydrostatic pressure difference (∆p = ρ·g·∆h) between the two media reservoirs (Fig. 
2b). A custom-designed, automated tilting device is used and directly placed into a conventional incubator. No tubing 
connections, low media-volumes (~100 µl), simple reliable long-term perfusion and no bubble-generation constitute the 
decisive advantages of this approach. The tilting frequency is adapted with respect to the applied angle. For a flow-rate of 
20 µl/min, a tiling angle of 30 degrees is used, and the rotation is inversed every 10 min. 

 

 
Figure 2: (a) Photograph of the PDMS chip, loaded with green food dye for visualization. The tissue inlets have been 

closed with stainless steel pins after loading. Two media reservoirs are used for perfusion. The flow-rate is controlled by 
automated tilting of the device at specific angles generating a hydrostatic pressure difference between the two media 

reservoirs (b). 
 

Suspended HepG2 human hepatocytes have been seeded into 40-µl drops (500 cells/drop) of RMPI 60 medium 
supplemented with penicillin/streptomycin (100 U / 100 µg/ml) and 10% FCS. The hanging drop was cultivated for 3-4 
days at 36 °C for microtissue formation in a standard cell culture incubator (95% relative humidity, 5% CO2). For 
control, microtissues were transferred to GravityTRAPTM (InSphero AG) and custom-designed PDMS plates of similar 
geometry. Albumin secretion – a liver-specific biological functionality indicator – and tissue growth were monitored over 
2 weeks. No substantial differences of albumin concentration in the PDMS and GravityTRAPTM plate were observed 
(results not shown), indicating only minor protein adsorption of PDMS as compared to non-adhesive-coated polystyrene 
of the plates. 

After transfer into the chip, single microtissues have been continuously perfused with medium over more than 6 days. 
During this time, the microtissues preserved their morphology, and no cell attachment to the PDMS chip surface was 
observed However in some cases, microtissues have been displaced along their loading channel due to the tilting and 
fluid flow. This can be reduced by further optimizing the layout of the trapping site. 

The tissue diameters have been measured, and media has been exchanged every 2 days. Albumin and urea content in 
the supernatant has been determined using a commercially available ELISA (Bethyl Laboratories Inc., USA) and a Urea 
Assay Kit (BioVision Inc., USA). 
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Figure 3: Comparison of (a) tissue growth, (b) albumin secretion and (c) urea secretion of HepG2 microtissues, cultured 
in a GravityTRAPTM plate and a continuously perfused microfluidic chip. (d) Bright-field and (e) fluorescence image of a 

HepG2 microtissue in the trapping pocket. 
 
Microtissues, cultured in microfluidic chips, show similar growth-rates in comparison to microtissues grown in the 

conventional 96-well plate format (Fig. 3a). Albumin (3b) and urea (3c) production have been normalized with respect to 
the tissue diameter. First measurements show that HepG2 microtissues under constant perfusion show higher albumin 
and similar urea secretion as compared to static cultures. Bright-field as well as fluorescence images of the microtissues 
in the trapping pocket at day 6 evidence the high tissue viability, as they show a compact and healthy tissue morphology 
and a large number of living cells in the microtissue (Fig. 3d and 3e). Live/dead staining has been performed directly in 
the chip using a propidium iodide (PI)/fluorescein diacetate (FDA) solution. 

In another experiment, always two HepG2 microtissues in five parallel-perfused microfluidic chips have been 
exposed to different liver-toxic Diclofenac concentrations. Again, albumin secretion has been used as a first toxicity 
indicator. Figure 4 shows a comparable albumin production in all five chips proving similar initial conditions after 10 
hours in culture. At this time point, the media have been removed and replaced by new media containing Diclofenac at 
concentrations from 0 to 5 mM. The graph illustrates an expected substantial viability decrease for microtissues exposed 
to concentration above 500 µM. These values will have to be further validated in future experiments and compared to 
results achieved with commonly used read-out methods, such as confocal imaging combined with live/dead cell staining, 
lactatdehydrogenase (LDH) measurements, and other cell viability assays. 

 

 
Figure 4: Albumin production rates in supernatants of HepG2 3D microtissues, exposed to the indicated Diclofenac 

concentrations for 24 hours in a continuously perfused microfluidic chip. 
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DEVELOPMENT OF A MICRO DIALYSIS SYSTEM  
FOR EVALUATION OF RENAL CLEARANCE 

  
Yu Sakuta, Kin-ichi Tsunoda, and Kiichi Sato  

Gunma University, Japan 
 
ABSTRACT 

A cardiovascular microchip for assay of renal clearance was developed.  The chip consisted of a peristaltic 
pump (heart), dialysis component (kidney), and connecting microchannels (blood vessel).  By using the system, 
renal clearance of samples could be assayed. 
 
KEYWORDS 

Dialysis, Peristaltic Pump, Renal Clearance, Kidney 
 

INTRODUCTION 
In drug development, absorption, distribution, metabolism, and excretion (ADME) of the drugs are very 

important properties to be assayed other than the bioactivity to the target cells.  We have proposed a fundamental 
concept of a micro total bioassay system and showed preliminary results of microchip-based bioassay of anticancer 
agents with digestion at stomach and intestine, intestinal absorption and hepatic metabolism [1, 2].  In this study, 
we developed a microchip-based assay system of the latter half of the ADME, i.e., circulation and excretion 
components.  Low molecular weight drugs are excreted at Bowman capsule in a kidney by ultra filtration, and 
macromolecule drugs and drugs bound to some proteins (albumin etc.) cannot be excreted.  We employed dialysis 
membrane to mimic the process.   
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EXPERIMENTAL 
The microchip was composed of a glass slide and four PDMS sheets which had microchannels (Fig. 1).  

Dialysis membrane was laminated between the third and the fourth PDMS sheets for separation of two channels.  In 
the top and the second PDMS sheets, pneumatic valves were fabricated to control a micro peristaltic pump.  Air 
pressure was regulated with PC-controlled solenoid valves.  Fluorescein or FITC-albumin was used as a sample, 
which was circulated in the microchannel by the micro peristaltic pump (microheart) and transferred to the dialysis 
component (microkidney).  Their concentration changes in both circulation and dialysate channels were 
periodically monitored with a fluorescent microscope.   

 
RESULTS AND DISCUSSION 

First, performance of the micro heart was tested by particle image velocimetry (PIV).  Average linear flow rate 
could be controlled ranged from 10 µm/s to 10 mm/s (0.3 µL/min to 300 µL/min) by changing the drive frequency 
(Fig. 2).  Excretion rate of fluorescein is shown in Fig. 3.  Higher flow rate of the dialysate showed higher 
excretion rate, because large concentration difference could be kept in the entire dialysis component in case of the 
higher flow rate.   
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Molecular size dependence of the excretion rate is shown in Fig. 4.  Fluorescein was excreted into the dialysate, 
while FITC-albumin was remained in the circulation channel.  Increase in fluorescent intensities in the dialysate 
channel was delayed more than 30 min (Fig. 4b), because of the travel time of the excreted fluorescein from the 
dialysis component to the detection point.  The results show that the system has an ability to eliminate only small 
molecules from the circulation channel.  Figure 5 shows the results of the long-term excretion experiment in which 
the system could work more than 10 h.   
 
CONCLUSIONS 

The system realized the dialysis of very small amount sample solution, and it is useful for renal excretion assay.  
We concluded that the developed system had an ability to evaluate the drug activity coupled with renal excretion.   
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ABSTRACT 

Multifunctional envelope-type nanodevices (MEND) developed by Harashima et al. is one of the novel non-viral 
DNA vectors expected as a safe gene delivery system. Our group has already attained fast and easy preparation of 
MEND by using the microfluidic device. However, purification of MEND should be performed in a high-throughput 
manner because prepared MEND contains impurities such as plasmid-cationic polymer complex. In this paper, we 
report a novel purification method for MEND by free flow electrophoresis based on microfluidic device, which 
purification principle is based on the zeta potential difference between MEND and impurities. 
 
KEYWORDS 
MEND, Drug delivery system, Free-flow electrophoresis.  

 
INTRODUCTION 

MEND is a novel non-viral DNA vector 
as a safe gene delivery system (Figure 1) 
and constructed via three steps: (i) core 
formation by DNA condensation with a 
polycation, (ii) lipid film hydration for the 
electrostatic binding with the condensed 
DNA, and (iii) packaging the condensed 
DNA with lipids by sonication [1]. Since 
the conventional method requires 
troublesome procedures and has prevented 
the clinical application of MEND, new 
method to construct MEND is highly 
required to overcome these problems.  
Although our group has already developed 
on-chip MEND construction method
[2,3], which is very simple, rapid, 
convenient, and cost-effective compared 
with conventional methods, to improve the step of purification of MEND has still remained as a major problem 
because present method needs longer time to purify MEND from impurities such as DNA core.  

Free-flow electrophoresis(FFE) is a continuous separation method, providing bands along the separation channel 
and a continuous supply of separated components [4]. In FFE, charged particles are injected into a thin carrier flow 

Figure 1. Schematic representation of the MEND 
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Figure 2. Relation between nitrogen/phosphate (N/P) ratio and core size.  
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Figure 4. Overall view of the microfluidic device. The width of the separation area is 2.0 mm and the 
length of the separation area is 7.5 mm. The channel depth is 50 µm. (a)Inlet side image. (b)Outlet side 
image. 

 

electrode 

sample inlet buffer inlet 

electrode 

(a) (b) 

with an electrical field applied perpendicular to the flow. The charged particles are deflected from the general flow 
direction at an angle determined by the flow velocity, electrophoretic mobility and electrical field strength. So we 
designed microchip-based free-flow electrophoresis method. This method is expected high throughput purification 
of the MEND.  

 
EXPERIMENTAL 

We prepared double-staining MEND for fluorescent observation and fluorescence detection. Double-staining 
MEND was prepared with fluorescein labeled DNA core and rhodamine labeled DOPE according to following 
procedures: fluorescein labeled DNA core was prepared by mixing fluorescein labeled plasmid DNA and 
poly(ethylene imine) (PEI), and its size’s dependency on the mixing ratio between DNA and PEI, i.e., 

nitrogen/phosphate (N/P) ratio, was investigated.  Figure 2 indicates that we can successfully fabricate 100 nm size 
cores at a N/P ratio of 3.4. At this ratio, we attempted to fabricate MEND with rhodamine labeled DOPE and 
fluorescein labeled DNA core by lipid hydration method. Prepared MEND’s size distribution and zeta potential are 
shown in Figure 3 and indicate that we can successfully prepared MEND suitable for gene delivery. Furthermore, 
fluorescence spectrum of prepared MEND was measured.  

 
Subsequently, the microfluidic device for purification of MEND was constructed, which separation principle was 

based on the difference of zeta potential between MEND and others. This microfluidic device consists of electrodes 
prepared by Au vapor deposition on a glass and a PDMS channel as shown in Figure 4. With this microfluidic device, 
we introduce the fluorescein solution in HEPES and applied a voltage in the separation channel. 
 

 
 
 
 

Vcore=12.3 mV 

VMEND=-39.2 mV 

Figure 3. DNA core and MEND size distribution. 
The peak size of DNA core is 105.7 nm and the peak size of MEND is 255 nm. 
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RESULTS AND DISCUSSIONS 
 When light with a wavelength of 492 nm was applied for the sample solution of MEND, 518 nm fluorescence was 
observed, and when the light of the wavelength which is 557 nm was applied, 571 nm fluorescence was observed. 
Figure 5 shows that prepared MEND was doubly stained with fluorescein and rhodamine. 

With this device, we could form the sheath flow by the control of the flow velocity as shown in Figure 
6(a). In addition, fluorescein molecules in HEPES buffer migrated to the anode when we applied voltage 
of 40 V as shown in Figure 6(b). Fluorescein molecules is negatively charged under the condition of 
pH=7.4, so the sample stream is deflected into anode side. 

 
CONCLUSIONS 
In this study, we developed the high-throughput purification device for MEND.  Since the device is designed to 
integrate with the microfluidic device for on-chip MEND construction we developed [1], the integrated microfluidic 
devices will be applicable to the clinical trials for MEND. 
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Figure 6. (a) Picture of sheath flow. (b) FFE of fluorescein in 10 mM 
HEPES (pH=7.4) 
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With this device, we could form the sheath flow by the control of the flow velocity as shown in Figure 
Figure 5. Fluorescence spectrum of MEND. This result indicates accomplishment of double labeling. 
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Figure 1: Device operation. (A) Schematic and photograph of set-
up. Cells are flowed through the device by pressure driven flow 
using a 50 mL screw cap tube as a pressure vessel. Each 2” x 3” 

substrate contains 40 individual devices. (B) The device inlet is 
connected to a filter and the deformation area. A bypass balances 
flows through the device during operation. (C) Brightfield micro-
scopic image of the deformation area. 

MICROFLUIDIC INVESTIGATION OF CELLULAR MECHANICAL DYSFUNCTION 
IN CAMPOMELIC DYSPLASIA 

Irwin A. Eydelnant1*, Mengwen Liao1, Aaron R. Wheeler1,2 
1Institute of Biomaterials and Biomedical Engineering, University of Toronto, CANADA 

2Department of Chemistry, University of Toronto, CANADA 

ABSTRACT 
Abnormal cellular mechanics are often indicative of pathological states. In the analysis of disease it is useful to have 
methods to quickly and reproducibly test cellular mechanical properties. Microfluidic tools have been used to probe cel-
lular elasticity [1-3]; however, none have tried to differentiate between cytoskeletal and nuclear mechanics of adherent 
cells. Here we report the first microfluidic platform for the elucidation of cytoskeletal and nuclear deformability of pri-
mary human fibroblasts. Moreover, we perform the first microfluidic investigation of Campomelic Dysplasia (CD), a se-
vere disorder associated with abnormal skeletal development. We also provide novel evidence implicating cellular me-
chanical dysfunction in CD. Finally, we report a semi-automated method for data analysis, characterize cellular 
deformation through multiple constriction sizes, and investigate the effects of cytoskeletal disruptive compounds on de-
formation. 

KEYWORDS: Channel microfluidics, cell mechanics, Campomelic Dysplasia, fibroblast, biophysical cytometer 

INTRODUCTION 
Disease states are often associated with cellular me-
chanic defects. Multiple experimental systems have 
been developed for the evaluation of cellular me-
chanical properties including bulk membrane filtra-
tion, micropipette aspiration, and atomic force mi-
croscopy. Ultimately these methods are challenged 
by a combination of a lack of single cell data, chal-
lenges in performing the highly specialized tech-
nique, or low throughput. Microfluidic devices have 
recently been used to evaluate changes in mechanical 
properties, typically by observing cellular defor-
mation through constrictions, with the majority of 
these systems testing suspension cells of the hemato-
poietic system. 

In this work we examined the implementation of a 
microfluidic biophysical cytometer for the mechani-
cal analysis of wild-type and diseased primary skin 
fibroblasts derived from healthy patients and those 
afflicted with the rare congenital disorder Campome-
lic Dysplasia (CD). The disease is characterized by 
abnormal development of the skeletal and reproduc-
tive systems. Genetically, it is associated with a mu-
tation in the mechanically sensitive transcription fac-
tor Sex-Determining Region Y Box 9 (SOX9). With 
this in mind we hypothesized that cells derived from 
these patients would present a mechanically dysfunc-
tional phenotype. 

We report here the first microfluidic platform for the 
elucidation of cytoskeletal and nuclear deformability 
of primary human fibroblasts. Moreover, we perform 
the first mechanical investigation of CD and implicate mechanical dysfunction as a potential contributor to the disease 
phenotype. Finally, we report a semi-automated method for data analysis, characterize cellular deformation through mul-
tiple constriction sizes, and investigate the effects of cytoskeletal disruptive compounds on deformation. 

EXPERIMENTAL 
Cell culture, treatment, and preparation 
Primary human fibroblasts from healthy (0969) and Campomelic Dysplasia affected (CD04329) donors were cultured 
according to methods described by the Progeria Research Foundation. Prior to each trial, cells were serum starved at 
0.5% fetal bovine serum (FBS) for 18 hours. For certain conditions cells were treated with cytoskeletal disruptive drugs 
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for one hour. Specifically, cells were exposed to either cytochalasin D (Cyt D, 20 µM in deionized water), colchicine 
(COL, 4 µM in DMSO), or blebbistatin (BLEBB, 20 µM in DMSO). The cells were diluted to 500,000 cells/mL in fresh 
media supplemented with 0.02% Pluronics F68 to 500,000 cells/ ml for use in the biophysical cytometer. 

Biophysical cytometer fabrication, design and operation 
A PDMS device comprising 16 parallel channels with 100 µm long constrictions 3, 5, 7, 9 µm wide was designed and 
fabricated according to standard protocols (Fig. 1). Cell suspensions were aliquoted to 50 mL tubes with modified caps 
for use as pressure vessels. Cells were flowed through the device at 5 and 15 psi. Experiments were recorded by micros-
copy with a high speed camera (200 fps). The amount of time (τ) required for single cells to move through the length of 
the constriction was analyzed using a semi-automated Python script developed in-house. More than 100 single-cell data 
points were collected for each condition evaluated.  

RESULTS AND DISCUSSION 

 

Initial screening experiments with healthy or wild-type (wT) human fibroblasts demonstrated significant heterogeneity in 
transit times (τ) that could be approximated by Poisson distributions (Fig. 2A). The distribution of deformation events (n 
= 2437) for all experiments on devices with 9 µm constrictions demonstrated channel independence with an expected 
fraction of events of 0.0625 per channel and an experimentally observed mean fraction of 0.0595 per channel (Fig. 2B). 
Varying constriction size and applied pressure shifts distributions as would be expected; increasing pressure and con-
striction size decreases τ from 82 s (3 µm, 5 psi) to 3.3 s (9 µm, 15 psi) (Fig. 2B). Based on this data we selected con-
strictions of 5 and 7 µm for further experimentation as 9 µm did not demonstrate differences between the applied pres-
sures of 5 and 15 psi, while τ for 3 µm constrictions were not amenable for high-throughput operation. 

We then tested the effects of cytoskeletal disruptive agents on τ. Specifically, cells were exposed to either cytochalasin D 

(Cyt D), an inhibitor of actin filament polymerization, colchicine (COL), an inhibitor of microtubule polymerization, or 
blebbistatin (BLEBB), a myosin II inhibitor. For all treatments on wT fibroblasts, τ decreased for 7 µm constrictions 
(Fig. 3A), in agreement with previous results [2], For 5 µm constrictions this phenomenon was not conserved and defor-
mation did not decrease with the addition of cytoskeletal inhibitors (Fig. 3B). We hypothesize that this effect is due to 
nuclear mechanics, as the nucleus is the most rigid component of the cell (~5 µm in diameter). Building on these find-
ings, we used the device to probe the mechanical properties of fibroblasts derived from CD patients. Fig. 3C demon-
strates that these cells respond similarly to cytoskeletal disruptive agents (increasing in deformability) as those derived 
from wT patients. However, when flowed through 5 µm restrictions, CD fibroblasts are sensitive to actin inhibitors (Cyt 
D, BLEBB) but not microtubule inhibitors (COL). This is the first evidence that mechanical anomalies may contribute to 
CD.  

Figure 2: Experimental data. (A) Data follow heterogeneous 
Poisson-like distributions. The inset shows a cell entering a 
constriction and follows it through the entire deformation. (B) 
Deformation events were relatively homogenously distributed 
between channels. The graph shows all deformation events 
observed for devices with 9 µm constrictions. Device operat-
ing parameters were characterized by testing wT human de-
rived fibroblasts across a range of conditions: 3, 5, 7, 9 µm 
constrictions, 5 and 15 PSI. 
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CONCLUSION 
Microfluidics is proving to be a robust and useful tool for the mechanical characterization of cells. This work demon-
strates a biophysical cytometer with the ability to elucidate differences between cytoskeletal and nuclear deformability. 
We also report the first implication of cellular mechanical defects in Campomelic Dysplasia. 
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Figure 3: Differentiation of nuclear and cytoskeletal mechan-
ics. (A) Deformation of wT fibroblasts  through 7 µm con-
strictions at 5 and 15 PSI. Treatment with cytoskeletal disrup-
tive compounds results in a decrease in τ. (B) Deformation of 
wT fibroblast  through 5 µm constrictions at 5 and 15 PSI. 
Treatment does not affect cell deformability in the expected 
manner and suggests this device ,may be probing nuclear me-
chanics. (C) Deformation of CD fibroblast through 5 and 7 
µm constrictions at 5 PSI.  Treated cells have increased de-
formability through 7 µm constrictions. Unlike wT cells, there 
is also an increase in deformability of cells treated with inhibi-
tors of actin polymerization through 5 µm  constrictions. 
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ABSTRACT 
We designed and developed a sensor that allows us to electronically monitor changes in physiological properties of 

biological cells. Based on the ability to simultaneously detect and dielectrophoretically (DEP) actuate cells, we can 
observe unique changes in the electronic detection signature that are directly related to polarizability of the cell. The 
important novel feature of this work is a differential electrode array that allows us to relate changes in the cell 
polarizability -– attributable to changes in physiological properties -- to a simple measurable physical variable such as the 
amount of vertical cell translation during DEP actuation.  
 
KEYWORDS 

DEP cytometry, label-free electronic biosensor, impedance biosensor, electronic detection of early apoptosis, 
single-cell analysis 

 
INTRODUCTION 

Continual monitoring of cell physiology and its response to different environmental stimuli or drugs is essential in 
biomedical research and industry, and generates a need for instruments and techniques that can provide quantitative 
understanding of cellular processes.  Some of the most important physiological changes in the cell are associated with 
programmed cell death, or apoptosis [1], crucial in organism development and in maintaining the normal balance of the 
living and dying cells (homeostasis).  The ability to predict apoptosis during its early stages, when it is still reversible, 
would be of great benefit because it would allow interventions resulting in, for example, a more efficient production of 
biopharmaceuticals, or more successful treatments of diseases in which homeostasis is disrupted (e.g., cancer, 
autoimmune diseases, AIDS, neurodegenerative diseases).  

Changes in cell volume, observed early in apoptotic process, have been associated with ionic flux over the cell 
membrane [2].  This exchange of ions leads to a slight change in ionic composition of the cytoplasm and manifests 
macroscopically as a change in cell polarizability, which, in turn, influences cell response to DEP actuation.  We 
designed a novel differential electrode array that enables us to modulate electronic signatures produced by the cells 
during their flow through the microfluidic channel in a way that captures the amount of vertical cell translation effected 
by DEP actuation.  Subsequent analysis of signature modulations allows us to correctly assign cells to different 
subpopulations based on their differing dielectric properties that result from subtle changes in physiology [3]. 
 
DESIGN PRINCIPLE 

Differential electrode array and its position in a microfluidic channel are illustrated in Fig. 1 (a) and (b).  The 
electrode array extends into wider pads, partly shown in Fig. 1(a), that provide contacts for the electrode wires extending 
from the microwave resonator.  In this way, the microfluidic channel is coupled to the microwave resonator to create a 
sensor.  Using a microwave interferometric approach described previously in [4,5], the sensor can identify vertical 
translations smaller than 0.5 !m.  Cells are detected at gigahertz frequencies as they flow in a liquid suspension above a 
coplanar differential electrode array (Fig. 1(a)), fabricated at the bottom of the microfluidic channel.   

 

Figure 1: (a) Micrograph of the electrode array; (b) Schematic representation of a pDEP actuated cell trajectory 
with a corresponding electronic signature, S; (c) Simulations of trajectories for a CHO cell, initially at 12 !m elevation, 
for different polarizabilities (CMF). DEP force on a cell and extent of the resulting elevation change are controlled by 
the amplitude of applied DEP signal -- set to VDEP = 8 Vpp in this case. 
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Two detection sites, D1 and D2, flank the actuation region, A (Fig. 1(b)), throughout which the cells are 

independently dielectrophoretically (DEP) actuated using frequencies in the range of 0.1 to 10 MHz.  A cell flowing 
above the electrode region produces a distinctive electronic signature, S.  Amplitude of S is proportional to the squared 
amplitude of the detection electric field at the location of the cell center of mass when the cell is directly above the 
detection site D1 or D2, as shown in Fig. 1(b).  Simulated trajectories of actuated cells that start at the same elevation 
but experience different amount of deflection because of their different polarizabilities are depicted in Fig. 1(c). 

Without actuation (no DEP), a cell remains at the same elevation during its flow between D1 and D2, and the signal 
amplitude !! at D2 matches the amplitude !! at D1 (Fig. 2 (a)).  Actuation is effected by an attractive (pDEP) or 
repulsive (nDEP) force resulting from the applied DEP signal; it leads to an elevation change whose extent is evident in 
the trajectories of cells – cf. Fig. 1(c) -- simulated for different polarizabilities, expressed in uniformly spaced steps of 
Clausius-Mossotti factor (CMF).  The amount and direction of vertical displacement within the actuation region depend 
on the specific dielectric properties of the cell, and uniquely modify profiles of electronic signatures collected during the 
experiment.  These modifications can be quantified by defining the “force index,” !: 
 

! ! !
!! ! !!
!! ! !!

!
! !!!! ! !!!!!"#$%&!
!!!! !!!! ! !!!! !"#$ !!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

 
Related examples of electronic signatures are given in Fig. 2(b). 
 

Figure 2. Electronic signatures, S:  (a) Simulations show how amplitude of S diminishes with elevation. Symmetric 
profile of S (black) is expected when no DEP is applied.  Changes in profile for 4 !m elevation changes caused by 
pDEP (red) and nDEP (blue) are illustrated for a cell initially at 12 !m.  (b) Experimental signatures for CHO cells, 
collected at fDEP = 6 MHz.  Force index, ", is used to quantify cell dielectric properties. 
 
EXPERIMENT 

The concept of our device is illustrated on a quantitative study performed on a population of Chinese hamster ovary 
(CHO) cells involved in a bioprocess.  CHO cells expressing a human-llama chimeric antibody (EG2) were cultured in 
a 3 L glass bench-top bioreactor (Applikon, Foster City, CA) at 37°C, 40% dO2, 7.2 pH and 200 rpm.  Batch culture 
was maintained through growth, stationary and declining stages.  During this time (~120 h), the physiological state of 
cells was monitored with Trypan blue staining, as well as with two Guava 8HT (EMD Milipore, Danvers, MA) 
fluorescent flow cytometer assays: Nexin and ViaCount.  Samples were taken every 24 hrs for the first four days and 
then every 6 hrs for the next 24 hrs. 

For each measurement, 5-10 mL samples were taken from the bioreactor, cells were spun down, and reconstituted in a 
low conductivity (0.17 S/m) medium (22.9 mM sucrose, 16 mM glucose, 1 mM CaCl2, 16 mM Na2HPO4), at a dilution of 
~106 cells/mL.  Cells in a low conductivity suspension were pumped through the microfluidic channel at a rate of 40 to 
100 cells a minute.  Experimental signatures were collected for about 5 minutes as the cells passed over the electrodes, 
first with 6 MHz DEP signal on, and then again with no DEP signal, to obtain a control group.  

 
RESULTS AND DISCUSSION 

During the first four days of cell monitoring, cell viability remained high (~90% and above) according to all four 
techniques. However, to estimate viability, each assay monitors different events in cell physiology. Consequently, they 
disagree on the rates of viability decline.  Trypan blue selectively stains cells whose cell membranes are already 
compromised; ViaCount assay relies on a proprietary mixture of two DNA-binding proteins (one that can permeate the 
membrane, the other that cannot) to distinguish between healthy viable, apoptotic, and necrotic cells; Nexin assay detects 
the fluorescence resulting from the selective binding of protein annexin V to phosphatidyl serine (PS) heads on the 
non-cytoplasmic side of the membrane.  The latter event occurs only after the PS molecules flip from the inner leaflet of 
the cell membrane to the outer one, and is generally regarded as the onset of apoptosis.  Finally, DEP cytometer 
determines viability as percent of pDEP signatures in total number of cell signatures. 
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In Fig. 3, we present the results obtained in the final 24 h of the experiment. Comparison of viability estimates among 

the four different techniques (Fig. 3(a)) shows that the DEP cytometer estimates agree with those of the annexin V assay, 
which detects the early apoptotic changes.  Fig. 3(b) documents a shift in the state of cell health over the last 24 h of the 
experiment. As confirmed by the standard fluorescent flow cytometry assays, force index distribution shows a rapid 
switch from a healthy viable to an early apoptotic population.   

 
CONCLUSIONS 

A novel differential electrode array enables us to make non-invasive sensitive measurements of the DEP cell 
actuation using differential detection of cell altitudes.  This makes it possible to relate the variations in cell 
polarizability to the changes in physiological properties of the cell.  Simultaneous comparison with three standard 
techniques for monitoring cell viability confirmed the ability to observe a rapid transition from a healthy viable 
population of cells to an early apoptotic cell population using inherent properties of the cells as a marker of their 
physiological state.  All-electronic approach makes this sensor easy to miniaturize and integrate into a lab-on-chip type 
of application.  

 

Figure 3. (a) DEP cytometer viability assessment was simultaneously compared with three standard cell monitoring 
techniques; it agrees with the annexin V assay, which can detect early apoptotic changes.  Trypan blue staining depends 
on a cell membrane being compromised and is therefore not a reliable predictor of early changes in cell subpopulations 
[6].  (b) Force index histograms for CHO cells over a 24 h period show a clear separation of cells into two populations 
based on their dielectric properties, directly related to viability. As confirmed by standard assays, the incipient 
population on the left of the top plot consists of early apoptotic cells. Within 24 h, we observe that 90% of the cells 
undergo early apoptotic changes (bottom plot). 
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Assay 

% viability at approx. hours 
96 102 108 114 120 

Trypan blue 96.9 93.8 85.7 80.0 78.7 
ViaCount* 89.5 88.8 74.5 56.5 35.8 

Nexin (annexinV) 82.6 72.0 44.1 21.9 13.9 
DEP cytometer 93.0 76.1 46.6 25.8 9.5 
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ABSTRACT 

Using a multi-well device as an array of sono-cages for single cell analysis, we quantify for the first time the 
heterogeneity of natural killer (NK) cells’ cytotoxic response against cancer cells. We report a fraction of inactive NK cells 
within the tested population (36%), as well as the existence of few ‘serial killers’ that eliminate up to six targets during 4 
hours. We also characterize the multi-well acoustic device in terms of trapping efficiency at different actuation voltages, 
using adherent and non-adherent cell lines. We show that the acoustic forces applied on the cells can be compared to forces 
of biological processes (i.e. cell adherence). 
 
KEYWORDS: Natural killer cells, Cytotoxicity, Ultrasound, Multi-well, Microchip, 
 
INTRODUCTION 

NK cells are cells of the immune system that can induce cell death by the release of toxins to virus-infected cells and 
cancer cells. Until now, most experiments on NK cells have been performed on bulk cultures giving results that are 
averaged read-outs from all cells in the population. In order to identify the heterogeneity between individual cells in large 
populations, development of new methods for quantitative high-throughput analysis at the single cell level is needed. Here 
we present one such method and apply it for studying NK cell-mediated rejection of cancer (target) cells.  

We have previously described the function and biocompatibility of the sono-cage platform, shown in Fig. 1 [1]. The 
method has been used for synchronizing ultrasound induced NK-cancer cell interactions and investigating the NK function 
conservation under the effect of ultrasound [2].  

In this paper we quantify the trapping performance of the system for different cell types (adherent and non-adherent) 
and actuation voltages (0 – 10 Vpp), in order to confirm that the acoustic forces are in the range of natural biological forces 
(e.g., adherence forces between cells or cells and surfaces), and thus gentle for cell manipulation. Further on, in a series of 
experiments we have been able for the first time to quantitatively characterize the cytotoxic heterogeneity of NK cells 
against cancer cells. 
 
EXPERIMENTAL METHOD 
The Device 

The multi-well acoustic device is shown in Fig. 1 and is described in detail in Ref. 2. 
 
 

 
Figure 1: (A) Photo of the sono-cage platform, and a SEM picture of the array of microwells. (B) Schematic illustration 
of the different parts of the device (described in Refs. 1 and 2). Superposition of the 100 wells when (C) ultrasound is 
turned on and (D) ultrasound is turned off.  

Cell culture 
The cell lines used in order to investigate the trapping efficiency of our system at different actuation voltages were the 

721.221 non-adherent cell line and the HEK 293T adherent cell line. 293T cells were stained and seeded in the chip 
together with 221 (unstained). They were allowed to settle and adhere for about one hour before imaging.  

For the cytotoxic experiments, as effector cells we have used primary polyclonal human NK cells that were harvested 
from blood of healthy donors by centrifugation and separation of peripheral blood mononuclear cells followed by 
negative magnetic bead sorting. NK cells were cultured for 7 days in growth medium with the IL-2 activating factor [2].  
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As target cells we used the human B cell line 721.221, deficient in endogenous surface expression of major 
histocompatibility complex (MHC) class I proteins. The NK population was tested for purity (determined to be 99.5% 
pure) by flow cytometry and a high cytotoxicity was determined by a chromium release cytotoxicity assay [3]. Cytotoxic 
single-cell experiments were performed in parallel using the sono-cage platform.  
 
RESULTS AND DISCUSSION 

Analysis of the data obtained from the trapping efficiency experiments indicates that 90% of the non-adherent cells 
were trapped already at 3Vpp, while a majority of the adherent cells were not trapped even at 10Vpp. This supports our claim 
that the forces applied on the cells in our system, are comparable to the forces existing between cells and cells with surfaces. 
 

 
 

Figure 2: (A)Time-lapse of two wells containing adherent 293T cells stained with calcein-AM (shown in red) and 
non-adherent 221 cells (unstained) at different actuation voltages. Division of an adherent cell (upper well and zoomed 
in images in the second row). A 221 cell bound to an adherent 293T cell causes the aggregate to rotate and align with the 
acoustic force field (second well and zoomed in image in the fourth row). (B) Trapping efficiency versus actuation 
voltage of adherent (HEK 293T, n=279 and 255, blue lines) and non-adherent (221, n=412 and 433, red lines) cells. 

For the cytotoxic experiments, human primary NK cells and target cells were stained, seeded in the chip, and then 
imaged four 4 hours during continuous ultrasonic actuation. The distribution of NK and target cells is shown in Fig. 3A 
(pooled data from four experiments). Analysis of the data revealed a significant heterogeneity in NK killing efficiency. 
Surprisingly, 36 % of the NK cells were completely inactive over 4 hours (Fig. 3B and Fig. 4B). The remaining 64% were 
active (i.e., killing at least one target), but few NK cells were shown to be ‘serial killers’ eliminating up to six targets, as 
shown in Fig. 4A.  

 
Figure 3: (A) Distribution of NKs and targets in 400 wells (summative data of four experiments). (B) The likelihood of 
target cell death in a 4-hour assay is increasing with the number of NK cells per well. Spontaneous death of targets 
occurs in 13 % of the wells. Death events are increasing to 64% in wells containing single NKs, strongly indicating 
NK-mediated target (cancer) cell death. 
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Figure 4: NKs and targets were stained and seeded in the sono-cage platform. All individual interactions were 
synchronized by the ultrasound actuation and time-lapse fluorescence and bright field imaging (under continuous 
ultrasonic actuation) was performed. Here we present: (A) A single ‘serial killer’ NK cell (blue cell) interacting with 
several live targets (green cells). At t = 207 min, all targets are dead (red cells). (B) Inactive NK cell (blue cell). All 
targets are still alive (green cells) after 4 hours of interaction. 

We also observed a significant increase in NK killing efficiency depending on the number of targets in contact with the 
NK cell, as shown in Fig. 5. This dependence is justified by the increased activation of the NK cells due to the accumulated 
activating signal when in contact with more targets. The results are important for the development of future 
immuno-therapy methods. 

 
Figure 5: Wells containing single NKs and various numbers of targets were observed over 4 hours and the killing events 
were quantified. The results indicate that the likelihood of target cell death increases significantly when single NKs are 
in contact with more than one target from 43% to 69% (weighted mean value). 

CONCLUSIONS 
We have investigated our multi-well device in terms of trapping efficiency and we can conclude that the acoustic forces 

acting on cells are in the range of cell-cell interaction forces. Using our method we have shown that there is a significant 
heterogeneity among a NK cell population in terms of cytotoxicity against cancer cells. Furthermore, we observe that NK 
cells kill more efficiently when the target cell number increases from one to three targets.  
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ABSTRACT 

    Here we present a novel microfluidic design to generate multiplex gradients of biomolecules based on 
hydrodynamic resistances. Chemical gradients were generated within parallel microfluidic channels, in which a 
range of multiplex concentration gradients with different profile shapes were simultaneously produced. We could 
also successfully generate covalent surface gradients of biomolecules. IgG antibody conjugated to three different 
fluorescence dyes was used to demonstrate the resulting multiplex concentration gradients. To demonstrate the 
applicability of the developed design for cell adhesion and patterning, multiplex concentration gradients of REDV 
and KRSR peptides were patterned along the width of parallel microfluidic channels and adhesion of primary human 
umbilical vein endothelial cell (HUVEC) in each channel was investigated.  
 
KEYWORDS 
Multiplex gradients, hydrodynamic resistances, surface functionalization, cell adhesion, High-throughput gradients 

 
INTRODUCTION 

Over the past decade, microfluidic platforms have increasingly been applied to develop in vitro platforms to 
study cellular responses to chemical gradients. Generating multiplex gradients of biomolecules with highly resistant 
surface bonds in a straightforward device, while maintaining a small device footprint, are important factors in 
designing microfluidic gradient-based devices.  

Several recently reported microfluidic devices have implemented gradient-based microfluidic platforms to study 
biological phenomena. The most commonly used device, known as tree-like design [1], is composed of a series of 
microfluidic channels dedicated to gradient generation, which results in a large device footprint - reducing the space 
available for experiments. Recently other microfluidic designs with smaller device foot-prints have been introduced 
[2-3]. However, generating multiplex gradients of several biomolecules in parallel microfluidic channels has not 
been reported so far.   

In addition, many gradient-dependent biological applications require bio-functional and stable surface gradients. 
Herein, we introduce a microfluidic platform for generating multiplex solution and covalent surface concentration 
gradients of biomolecules based on hydrodynamic resistances.  

 
THEORY AND SIMULATION 

From the electronic-hydrodynamic analogy, the hydrodynamic resistance (Rh) of a microchannel in a laminar 
incompressible steady state flow can be defined as:  

Rh=∇P/Q    (1) 

in which Q is flow rate and∇P is the pressure drop along the channel length. For a microchannel of length L, 
hydrodynamic diameter Dh and cross section area A, the hydrodynamic resistance can be defined as:  

     (2) 
in which µ, f and Re are dynamic viscosity, friction factor and Reynolds number respectively. For straight 

microchannels (in a laminar, steady and incompressible flow) the hydrodynamic resistance depends only on the 
microchannel geometry. Parallel channels used for gradient generation in our design consist of both straight and 
curved sections. Therefore CFD analysis was performed to calculate and predict the hydrodynamic resistances at 
each channel.   

Full scale simulation was performed using a 3D model of the microfluidic design. The governing equations used 
for computational fluid dynamic (CFD) analysis were as follows:  

    (3) 

    (4) 
Eqns (3) and (4) represent the Navier-Stokes and continuity equations respectively assuming incompressible 

steady state conditions ( u: velocity vector, p: pressure, η: dynamic viscosity and ρ: liquid density). CFD analysis 
was performed in COMSOL (COMSOL Inc., Burlington, MA) software.  
 
EXPERIMENTAL 

Standard soft lithography using polydimethylsiloxane (PDMS) was employed to create microfluidic channels 
followed by fabrication of the chip through irreversible binding of a flat glass slide to the PDMS substrate. Detailed 
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information about covalent surface functionalization using micro-contact printing protocol can be found in [4]. The 

microfluidic design (figure 1a) consists of seven inlet channels and seven parallel channels identified as "target 

channels" in which multiplex gradients are generated. Imposed differences in hydrodynamic resistances of target 

channels is the most dominant part of the design for gradient generation. For multiplex gradient generation, Cy3 

conjugated IgG was introduced from inlets 1, 5 and 7, Cy5 conjugated IgG from 3rd and 6th inlets and FITC 

conjugated IgG from 2nd and 5th inlets. Outlet of the 3rd target channel was pressurized to block the flow through 

this channel in order to create the highest hydrodynamic resistance at this channel. Laminar flow streams containing 

desired biomolecules were applied at a flow rate of 1 mm/s for 60 min. The channels were then washed with PBS. 

To demonstrate the applicability of the developed design for guided cell adhesion, three different multiplex 

concentration gradients of REDV and KRSR peptides were patterned along the width of three parallel channels, and 

adhesion of HUVEC cells in each channel was investigated. 

Cells were cultured in 200 (M-200-500) media with low serum growth supplement (LSSG), and 1% PS. Cells 

were grown in an incubator (at 37 °C and 5% CO2), trypsinized with 0.25% trypsin-EDTA (Gibco, USA) and used 

in the experiments.  

After generating surface gradients of peptides, outlets of the target channels were used as inlets to flow cells into 

the channels. This ensures that an equal number of cells with equal flow rates will pass through each channel. Target 

channel`s surfaces were washed by flowing sterile PBS. To avoid non-specific cell adhesion, BSA was passed 

through the channels and incubated for 30min. Cells were then introduced into the channels at a flow rate of 

0.25 µl/min for 40 min.  

 

RESULTS AND DISCUSSION 

Concentration gradients of biomolecules were generated within parallel channels by varying hydrodynamic 

resistances for each channel. Diffusion of biomolecules between different laminar flow streams occurs within the 

main channel at the onset of the gradient generation process. However, in our design this effect is later offset by 

advection forces, which is the dominant part of the design that leads to several different gradient profiles on the same 

device (figure 1c-f). The proposed design also successfully demonstrated the ability to produce different profile 

shapes of surface concentration gradients (figure 1g-j).  

 

 
Figure 1. a) Schematic representation of the microfluidic design, b) simulation results for the velocity field before 

and after entering the target channels. c) superimposed fluorescence microscopy image of the generated multiplex 

surface gradients of FITC, Cy3 and Cy5 labeled IgG antibody, d-f) gradient profiles and intensities of FITC, Cy5 

and Cy3 conjugated IgG antibody shown in c, The fitted polynomial lines in gray color, shows variations in the 

maximum concentration of each dye in different target channels, g-j) demonstrating possibility of generating 

nonlinear parabolic shape surface gradients using Cy5 labeled IgG antibody. 
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The main advantage of the introduced design is in achieving simultaneous multiplex gradient profiles and 
concentration ranges in parallel microfluidic channels. This is an important benefit compared to the previously 
proposed designs in which only one concentration profile could be obtained at a specific time. This would be 
beneficial for high throughput gradient dependent experiments where different concentration profile slopes are 
needed.  

HUVEC cells adhesion along the width of parallel channels in response to the REDV and KRSR multiplex 
gradients, showed HUVEC adhesion to REDV peptide patterns (figure 2), while under the same experimental 
conditions, they did not respond to the KRSR surface gradients. In addition, cell adhesion density was proportional 
to REDV peptide surface concentration. The proposed design and fabrication technique is straightforward, rapid, 
reliable and cost effective which could facilitate future developments in the field of lab-on-a-chip devices. 
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Figure 2. HUVECs adhesion on multiplex gradients of REDV and KRSR peptides. a, b and c) show the generated 
surface concentration gradients of REDV and KRSR peptides, d, e and f) representative optical microscope images 
of HUVECs adhesion, g, h and i) Degree of HUVECs adhesion across the width of three parallel channels. Error 
bars represent standard deviation of analyzing 5 different images for each channel.  
 
CONCLUSION   

High throughput chemical gradients of biomolecules were generated by the innovative design of a chip in which 
parallel microchannels provide different concentrations and varying distributions of biomolecules. Biomolecule 
gradients were covalently functionalized onto microchannel surfaces. The produced chip was used to study the 
degree of adhesion of HUVEC cells onto microchannels functionalized with multiplex peptide gradients.  
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ABSTRACT 
In this paper, we present a microfluidic platform for the study of cancer cell transmigration and anti-cancer drug screening. 

The device consists of an array of microchannels with dimensions close to the capillaries on the cellular barriers, while a thin 
glass coverslip is used as the substrate to enable high resolution imaging of cell dynamics during cancer cell transmigration. 
We have investigated the transmigration of highly metastatic human breast cancer cells, MDA-MB-231, after their cell 
nucleus are fluorescently labeled. The results show that 1) the cell nucleus deformed drastically during the transmigration 
process, and 2) an anti-cancer drug targeting the cell nucleus significantly inhibited transmigration. 

KEYWORDS  
Cancer transmigration, nucleus, deformation, anticancer drug 

INTRODUCTION 
Transmigration of cancer cells is a critical step in the 

process of metastasis. In order to move across the narrow 
openings found in cellular barriers that separate the organs 
from the circulation, cancer cells need to undergo significant 
physical deformations as shown in Fig. 1. Consequently, 
factors governing their stiffness and deformability are critical 
to their transmigration efficacy and metastasis potential. [1-4]  

The nucleus is the largest and stiffest cellular organelle, 
which consists of dense genetic materials surrounded by lipid 
bilayer envelop with underlying networks of structural 
proteins. [5] This high stiffness usually makes nuclear 
deformation the critical step during transmigration. Therefore, 
pharmacological or biological approaches that inhibit nuclear 
deformation might prevent the transmigration of cancer cells 
and subsequently reduce their metastatic capabilities. 

Studies on cancer cell transmigration have been hampered 
by a shortage of suitable platforms. In this paper we present a 
novel microfluidic platform which allows live monitoring of 
nucleus dynamics. It can also be used to evaluate the effect of 
anti-cancer drug on the prevention of transmigration under 
different degree of spatial restrictions. 

CHIP DESIGN AND FABRICATION PROCESS 
Figure 2 shows a schematic illustration of the microfluidic transmigration device. It consists of a center chamber for 

seeding and the cancer cells and two chemoattraction chambers linked to the culture chamber by arrays of microchannels 
with a height of 5μm, a length of 100 μm and widths of 3, 6, 9 and 12 μm respectively. The dimensions of the microchannels 
are designed to be close to the capillaries on the cellular barriers. When chemoattractants (present in fetal bovine serum) are 
applied to the side chambers, concentration gradients are established along the microchannels to attract the cancer cells and 
stimulate their migration. A center ridge is designed in the middle of the chemo-attraction chamber to prevent mixing of cells 
that migrated through different microchannel widths.  The entire device is mounted on top of a glass coverslip for high 
quality imaging of the cellular components.  

A two-step photolithography method was used in the fabrication process. [6-8] First, a thin layer (5 µm) of SU-8 10 
photoresist was spin-coated on a wafer and exposed with the first chrome mask, which defined the microchannel widths (3–
12 µm). Then a second thick layer (100 µm) of SU-8 100 photoresist was spin-coated on the first layer and exposed with a 
second mask to make the chambers for cell culture and chemo-attraction. Polydimethylsiloxane (PDMS) prepolymer and 
curing agent (10:1) was poured over the master, degassed and baked 2 hours at 75 °C and then peeled off. The inlets and 
outlets holes were punched manually. Then, the PDMS devices were exposed to air plasma for 15 s in order to bond it with 

Figure 1: Nucleus deformation and cancer cell 
transmigration. Cancer cells have altered nuclear inner 
structure, which affect their stiffness and may facilitate 
their transmigration during metastasis. 
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the glass coverslip. 
 

EXPERIMENTAL RESULTS AND DISCUSSIONS 
Transmigration of highly metastatic MDA-MB-231 cells was studied. Fig. 3(a) shows an overview of the transmigration 

of MDA-MB-231 cells in the microfluidic device. After serum starvation in the cell culture chamber and application of FBS 

Figure 2: Schematic illustration of (a) microfluidic device for the study of cancer cell transmigration, (b) top view of 
chamber design, and (c) zoom-in view of fabricated microchip showing different widths of restriction channels.  
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to the chemoattractant chambers, a concentration gradients of the chemokines in FBS was established along the 

microchannels and provided cues for cell transmigration. This is a general behavior of the cells commonly known as 

chemotaxis. Details of the transmigration process were shown in Fig. 3(b). Transmigration occurred in several distinct steps. 

First, cells came into contact with the entrance of the channel and extended their cytoplasmic portion into it. During this 

process, the cytoplasm quickly adjusted its shape based on the geometry of the microchannel. Because of the relatively high 

stiffness of the nucleus, cells got stuck at the entrance. The nucleus deformed from a spherical to an elongated ellipsoidal 

shape required for transmigration across the microchannel. The shape of the nucleus restored to spherical after the cell exited 

the microchannel. Statistical analysis showed that the average nuclear size increased significantly after the cells transmigrated 

across the microchannel, which might be related to an alteration of nucleus membrane and intra-nucleus components. 

Figure 3(c) shows the effect of an anti-cancer drug with an ability to change nuclear inner structure on the overall 

transmigration profile of MDA-MB-231 cells in the microchannel array. At each channel dimension, a significant decrease in 

the percentage of the cells to be able to complete the transmigration was observed after drug treatment. The effect was more 

obvious in the small channels (width < 9 μm) as it required more drastic deformation of the nucleus. The percentage dropped 

from 46% to 18% in 6 μm channel and from 13% to 4% in 3 μm channel.  

 

CONCLUSIONS 
In conclusion, nuclear deformation during transmigration of breast cancer cells was studied using a microfluidic 

transmigration platform. The results show that the cell nucleus deformed drastically during the process and anti-cancer drug 

targeting the cell nucleus significantly prevent their transmigration. Since transmigration is critical for cancer metastasis, the 

results are useful in designing new anti-cancer therapy. 
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ABSTRACT 

Understanding the dynamics of platelet aggregation is fundamental to the formulation of antithrombotic treatments 
that can reduce morbidity rates associated with cardiovascular diseases. A recent study, supported by a microfluidics 
platform emulating a thrombogenic stenosis in an environment independent of chemical pathways and under 
non-recirculating conditions, has revealed the primary role of hemodynamics to initiate platelet aggregation. We 
identify four distinct stages in the thrombus growth present in such a platform, and formulate an explanatory physical 
model of the relationship between the hemodynamics and thrombus growth. This model provides insight into the 
mechanistic variables regulating platelet aggregation. 
 
KEYWORDS: stenotic flow, hemodynamics, microfluidics, non-recirculating, mechanistic model, thrombus 
 
INTRODUCTION  

A key area in cardiovascular research is the study of platelet aggregation at sites of vascular injury. This 
phenomenon is vital to stop bleeding at those sites, and responsible for subsequent repairs. Nonetheless, an exaggerated 
response of this process can generate thrombi, which can result in cardiovascular disease states, and is associated with 
acute coronary syndromes. Despite extensive research carried out on the study of cardiovascular diseases, these remain 
one of the highest causes of death worldwide. Although chemical events leading the formation of aggregates of 
platelets in suspension are well understood, a recent study demonstrated the inefficiency of current anti-thrombotic 
treatments under stenotic flow [1]. This challenged the common assumption that platelet aggregation is mainly driven 
by chemical agonists, and proposed that shear microgradients are the main driving factor. This breakthrough has 
opened a new approach to the study of cardiovascular diseases using microengineered technologies [2]. Ultimately, it is 
important to model this response to have a better understanding of this biophysical process. 

Most mathematical models available in the literature focus on the activation of platelets due to the traditional agents 
(endothelial matrix, ADP, TXA2, thrombin) and partly describe the effect of the blood flow dynamics in the process. 
Recent sophisticated models recognize the importance that flow dynamics play in early events of aggregation (mainly 
physical) and in the transport of chemicals from and into the porous thrombus throughout the process [3]. However, 
these models do not yet include the effects of shear microgradients identified in [1,2]. 

The development of models incorporating this newly discovered mechanism of aggregation is impeded by 
difficulties in accurately studying thrombosis under stenotic flow. Typically, experiments are conducted within 
constant shear rate environments. For example, a previous study of thrombogenic stenosis was carried out at the 
millimeter scale [4], containing a recirculation zone downstream of the stenosis. This recirculation zone does not occur 
in the platform [1,2] and is not required for the initiation and sustenance of aggregation.  Hence, the model developed 
by [4] is only partially complete and further analysis is warranted in order to refine models of this sort.  

This paper proposes a mechanistic model of thrombus formation within a microfluidics platform emulating a 
thrombogenic stenosis in an environment independent of chemical pathways and under non-recirculating conditions [2]. 
This work identifies four distinct stages observed experimentally in the formation of thrombus and formulates an 
explanatory physical model. We also explore whether additional insight into these stages of formation can be gained 
from examination of both the size of the thrombus and also its density as indicated by fluorescent intensity. Once 
characterised rigorously, this model will be useful to gain more insight in the mechanistic variables regulating platelet 
aggregation.  

METHODS 
Blood was perfused through a microfluidic chip containing a microcontraction using a syringe driver as illustrated 

in Fig 1 a). Anticoagulated whole blood was introduced to a 200!L reservoir, connected to a microfluidic channel.  
The negative pressure of the syringe drew the blood from the reservoir into the channel and then through a 
microfabricated filter to remove undesired inclusions. The blood was then funnelled into a smaller scale channel and 
drawn, at high velocity, through a microcontraction of 80% in the microchannel, mimicking a stenotic scenario in a 
blood vessel. At the end of the microchannel, a bore exhaust was connected to a syringe driver to drive the flow of 
blood using negative pressure, and collect the waste as shown in Fig 1b). The chip was fabricated using a cast of PDMS 
on a KMPR mould employing standard photolithographic processes [2].  
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In order to isolate the mechanical effects of blood flow from the well-known chemical pathways of platelet 
activation (ADP, TXA2 and thrombin), blood, from consenting human donors, was previously treated with 
pharmacological inhibitors of the canonical platelet amplification loops (amplification loop blockade -ALB). Lipophilic 
membrane dye DiOC6 was used to label platelets and an imaging system, comprising of an invert microscope and a 
CCD camera, monitored the epi-fluorescence illumination of the aggregate of platelets over time, at one frame per 
second, as shown in Fig 1 c). The size of the main aggregate was estimated frame-by-frame in Matlab R2010a by 
thresholding the brightness of video, segmenting the main thrombus and calculating the area of pixels above a minimal 
value. Similarly, the density of platelets in the forming thrombus was estimated by calculating the average intensity of 
the pixels inside the edge of the thrombus. 

 
RESULTS AND DISCUSSION 

Several experimental trials were performed using a constant flow rate (shear rate of 1800s-1) and blood from a 
healthy donor. Results showed a consistent trend in the aggregation in which we identified four distinct stages in the 
growth of the thrombus as illustrated in Fig 2. An initial recruitment of platelets occurred after a lag time of 
approximately 100s (Stage I). Then, the thrombus presented acute growth, lasting approximately 200s, (Stage II), 
followed by a plateau (Stage III) of about the same duration. Finally (Stage IV), the size of the thrombus presented 
regular undulations accompanied by the ejection of micro-aggregates. Figure 2 a) shows snapshots of the video signal 
showing the shape that the thrombus takes over time. A correlation between the area plots in Fig 2 b) and the video 
signal found that the end of the growth in Stage II occurs when the thrombus reaches the bottom of the channel (Fig 2 
a) at 5:30). It also showed that while the size of the thrombus appears to remain almost constant during Stage III, a 
measurement of its average intensity, as shown in Fig 3 a) and b) respectively, indicated an increase in the platelet 
density over time. The rate of growth in Stage II appears to be parabolic as the thrombus grows radially (vertically and 
laterally), and in Stage IV appears to be linear as the thrombus only grows in the lateral dimension.  
 

 
 
Figure 1. Microfluidic chip for blood flow studies a) Schematic (above) and microcontraction (below) b) Photograph 
of blood perfusion through one microchannel c) . Representative epi-fluorescence image of blood perfusion 
 

 
 
Figure 2. Blood perfusion experiments a) Image sequence showing the shape of forming thrombus over time b) 
Aggregation traces representing the relative size of the thrombus and four stages of thrombus formation 
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Figure 3. a) Snapshots of thrombus fluorescence during Stage III. b) Plot of average intensity and relative size of 
thrombus over time. c) Four-stage mechanistic model of dynamic platelet aggregation: monolayer formation, acute 
growth, densification, and embolisation. 
 

Our physical model (Fig 3 c)) suggests that the initial recruitment of platelets to form an initial monolayer is driven 
by kinetic absorption of Von Willebrand Factor in the microchannel, influenced by shear, and it has a low density of 
platelets. Then, we observe a rapid aggregation starting to form downstream of the apex of the microcontraction, 
characterised by vertical and lateral growth. This takes place in the low shear region near the wall and appears to slow 
down as the aggregate perimeter reaches flow streamlines of higher shear (at the end of Stage II). At this point the 
thrombus growth seems to plateau, however, platelet recruitment continues with the hydrodynamics forcing the 
platelets to group together into a denser thrombus. At the end of Stage III, the thrombus begins to grow again, and we 
suggest that once a critical density is reached, the advective flow within the thrombus is minimal, and so, the chemical 
environment of the main thrombus can diffuse and sustain aggregation, allowing the formation and ejection of 
micro-aggregates –embolisation past the initial thrombus (Stage IV). Since the current imaging configuration focuses 
on a singular plane of the thrombus, it is possible that increase in the average intensity is due to addition in the total 
number of platelets accrued in other planes. Further experimentation using confocal microscopy could support the 
conclusion on thrombus densification.  

Understanding the dynamics of the stages of platelet aggregation is crucial to the development of accurate 
mathematical models that can predict under which conditions the embolisation of the thrombus can result in vessel 
occlusion. Our interest lies in the development of control systems that can stabilise the thrombus at a particular stage 
through the modulation of the shear rate of the platform. If successful, such control will allow study of dynamic platelet 
aggregation under stable conditions, providing new insight into aggregation mechanisms. Eventually, these tools will 
aid the development of safer and more efficient anti-thrombotic treatments that accommodate and exploit the new 
mechanisms of platelet aggregation being studied. 
 
CONCLUSION 

The proposed mechanistic model describes how hemodynamics influences the initiation of platelet aggregation and 
thrombus growth, observed experimentally. It is possible to gain insight into thrombus development by monitoring both 
the size of the thrombus, as well as its density as indicated by fluorescent intensity. While the former appears to be 
constant at times, the latter indicates an increase in the density of platelets. Physiological significance of these findings 
is still under discussion. These results will facilitate the incorporation of shear microgradients into mathematical 
models of platelet aggregation, and eventually provide insight into the mechanistic variables regulating this 
phenomenon. 
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ABSTRACT 
We propose a novel single cell analysis method that allows an imaging of intracellular changes induced by 
continuous exposure to chemical substances that are delivered to limited area of cell surface. Cellular responses to 
such continuous and partial exposure have been totally unknown, due to the lack of a technique for a stable 
spatially-confined delivery of chemical substances. We developed a novel microfluidic device with stable and facile 
flow control, demonstrated continuous local delivery to single pancreatic  cell, and discovered a new phenomenon: 
Local glucose exposure biases spatial distribution of insulin granules in a pancreatic  cell. 
 
KEYWORDS 
Single cell analysis, Cell trapping, Pancreatic  cell, Cell stimulation. 

 
INTRODUCTION 
In living tissue, cells are exposed to chemicals on their limited surface area because of steric hindrances resulted 
from their cytoarchitecture (Figure 1). We reproduce the situation in vitro to elucidate the responses to local 
exposure by delivering chemical substances continuously with constant concentration to limited area of single cell. 
Conventional microfluidic devices, including our previous one [1], have such drawbacks as diffusion to the other cell 
area and stability of a flow. Thus, we developed a microfluidic technique shown in Figure 2. Single cell is first 
trapped at the microorifice located between two microchannels (ch1 and ch2) by pressure difference between them, 
where it was kept in a incubator to adhere to the device and to seal the orifice. Chemical substances are introduced to 
ch1 to expose the cell surface partially. This method allows a constant concentration over time without diffusion of 
chemicals and disturbance of the boundary between ch1 and ch2 solution because of the solid wall between them. 
The microfluidic channels were designed for robust and facile flow control (Figure. 3), which spontaneously induces 
a pressure difference at the orifices by aspiration from the single outlet. The pressure difference can be linearly 
controlled by the aspiration rate, enabling us to trap cells, to keep them at the orifices and to prevent a leakage of 
chemical substances to ch2. 

 

Figure 1. Continuous local exposure to chemical 
substances in living body (left) and in vitro reproduction 
of the environment (right). 

Figure 2. Microfluidic local substance 
delivery to single cell 

 
EXPERIMENT 
Our microfluidic device was fabricated by soft lithography technique as described in the literature [2]. A flow field in 
the device was evaluated by fluorescent microbeads and molecules. Stream lines were visualized by traces of 
fluorescent beads of 1m in diameter. We also simulated the flow field by using COMSOL software. After trapping 
and incubation of pancreatic  cells for 8 h in 37ºC 5 % CO2 incubator, fluorescent solution (2 M calcein-AM red 
orange/PBS) was introduced to ch1, where we checked the stability of the local delivery to a cell by observing a 
fluorescence intensity in ch1 and ch2 around the orifice for 4 h. 

As a demonstration of the continuous local delivery, a pancreatic  cell (MIN6m9) was exposed partially to high 
glucose solution (25 mM glucose/ DMEM) for 4 h (Figure 5). The intracellular response was evaluated by a change 
of the spatial distribution of insulin granules tagged by GFP molecules. We also performed the assay of whole cell 
exposure (25 mM glucose in both channels) and no exposure (0 mM) as control experiments. 
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RESULTS AND DISCUSSION 
A flow field in the device was visualized by fluorescent microbeads (Figure 4 a). Stream lines were visualized by 
traces of the beads, showing a good agreement with those of the simulation. This indicates that the pressure 
difference is successfully induced between ch1 and ch2. The stability of the flow was evaluated by fluorescent 
molecules (Figure 4 b, c). The difference of fluorescence intensity between ch1 and ch2 was kept over 4 h, 
suggesting that the device allows the continuous spatially-confined delivery to single cell without leakage and 
backflow of the delivered molecules. The flow was control by single syringe pump connected to the outlet of the 
channel, allowing the simple operation for the local exposure assay. 

 
 

Figure 3: Microfluidic device 
for continuous local delivery. 
a. Microchannel design with a 
contour map of pressure in 
aspiration from the outlet. b. 
Pressure difference between p2 
and p1 in a of different flow 
rates at outlet. c. PDMS 
device. 

 

 

Figure 4. Flow in the 
device. a. Stream lines 
inside the channel during 
cell trapping: Simulation 
and experimental results. b. 
Fluorescence image in a 
flow stability test. 
Fluorescent solution loaded 
in Ch1 is visualized. c. Time 
courses of fluorescent 
intensities in Ch1 and Ch2 
(ROIs indicated in b). Gray 
area shows the standard 
deviations. d. Result of cell 
trapping. 
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We demonstrated a continuous local exposure to high glucose solution of a pancreatic  cell and observed its 
insulin granules to visualize the intracellular response (Figure 5). The result indicates that the continuous local 
glucose exposure biases intracellular insulin granules towards the exposure site. This suggests that the continuous 
local chemical exposure can polarize a cell, which is expected to lead to the understanding of the cell function and 
polarity in living body. 

 

Figure 5. Distribution shift of intracellular insulin granules after 4 h local glucose exposure. a. 
Experimental design. b. Insulin granules in a MIN6m9 cell before and after glucose exposure. c. 
Distribution shift induced by local glucose exposure. 
 
CONCLUSION 
In conclusion, we developed a method for continuous localized delivery of chemicals to single cell and imaging for 
the analysis of intracellular responses. The targeted delivery of external substances for 4 h to the surface of a 
pancreatic  cell, as well as the imaging of intracellular changes, were demonstrated. 
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ABSTRACT 

We developed a novel single cell measurement of photosynthesis activity using fluorescent oxygen sensor in a 
microchamber with gas barrier layer. We used Synechocystis sp. PCC 6803, which is a series of cyanobacteria. The 
chamber wall contains oxygen sensor and gas barrier layer to measure the dissolved oxygen concentration in the 
chamber. The oxygen concentration is changed by aerobic respiration and photosynthesis of Synechocystis. The 
variation of the oxygen concentration was used for evaluation of aerobic respiration and photosynthesis of single 
Synechocystis. To achieve precise oxygen measurement, we used our proposed compensation of photo-degradation 
of fluorescence. We demonstrated photosynthesis evaluation of single Synechocystis and calculated the 
photosynthetic performance of sugar production of single Synechocystis. 
 
KEYWORDS 
Single cell measurement, Photosynthesis, Micro chamber, Fluorescence.  

 
INTRODUCTION 

Recently, photosynthesis is received high attention in various fields, such as the food industry and environmental 
purification. Synechocystis sp. PCC 6803 is a unicellular cyanobacterium and is the model microorganism for 
photosynthesis study [1]. Conventionally, the photosynthesis performance and respiration of Synechocystis was 
measured using group cell. However, photosynthesis evaluation of single Synechocystis is quite difficult because 
variation of sugar and oxygen is quite low. Microfluidic chip having microchamber is suitable for this purpose. 
Moreover, the oxygen electrodes are not applicable for this purpose because the electrodes resolve dissolved oxygen.  

Fluorescence measurement using fluorescence intensity and fluorescence lifetime, is one of the most promising 
methods for on-chip cell analysis [2]. This method acquires the local information at sub m resolution. Fluorescence 
information has been revealed a lot of physiological parameters. In fluorescence measurement, measurement using 
fluorescent intensity is major because a lot of indicator exits for this method and measurement cost is low. However, 
fluorescent intensity from the indicator decreases by photochemical destruction of the indicator during measurement. 
Therefore, quantitative measurement of single cell using fluorescence requires fluorescence compensation method.  
 
THEORY 
  Photosynthesis mechanism of Synechocystis sp. PCC 6803 is represented as calvin cycle. Aerobic respiration and 
photosynthesis are represented in equations 1 and 2.  
 

OHCOOOHOHC 22226126 12666                   (1) 

22612622 66126 OOHOHCOHCO 
                 (2) 

From these equations, we can evaluate the photosynthesis activity of single cell. We used Synechocystis, which is a 
series of cyanobacterium for this experiment. These two reactions are performed in the microorganism 
simultaneously. Therefore, the activity of photosynthesis is evaluated by comparing these reactions. First, rate of 
oxygen reduction by aerobic respiration is measured in the dark condition. Then, rate of oxygen increase is measured 
during irradiation of visible light. The difference between increase rate and reduction rate of oxygen is the rate of the 
oxygen production in the microorganism. From this result, sugar production rate is calcurated because both 
production rate of sugar and oxygen is same.  
 
EXPERIMENT 

We propose functional micro chamber with oxygen sensor and gas barrier layer to measure the photosynthetic 
performance by oxygen measurement. Figure 1(a) shows a concept of microchamber for measurement of 
photosynthesis activity. The micro chamber consists of polydimethylsiloxane (PDMS) as main body, Pt(II) tetrakis 
(pentafluorophenyl) porphyrin (PtTFPP) as oxygen sensor [3], parylene is used as gas barrier layer, and glass 
substrate. The chamber is surrounded by parylene and glass. Oxygen permeability of parylene is 2.4 
cm3•mil/100in2/hour. Therefore, oxygen concentration in micro chamber is not affected by outer condition. 
Measurement of fluorescence from PtTFPP can detect oxygen concentration in microchamber [2]. Figures 1(b) 
shows the experimental system equipped fluorescent measurement system and multi-beam manipulation system [16]. 
This system consists of a commercial inverted microscope equipped with a high-numerical-aperture oil-immersion 
lens, an epi-fluorescent measurement system, and laser confocal scanning system with EM-CCD. A near-infrared 
laser (Maximum power: 5.6 W; wavelength: 1064 nm, TEM00), is used for the optical manipulation of 
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microorganism. A cell incubation chamber is used to control the temperature (accuracy of ±0.3 K). Fluorescent 
image of the microchamber is acquired using EM-CCD and color CCD camera (WAT-250D2, Watec). Photo 
spectrometer can be used with color CCD exclusively. 

Figure 2 shows the fabrication process of the microchamber. First, nega-resist SU-8 was patterned to the chamber 
pattern. Then, the sensor layer and gas barrier layer was coated on the mold of SU-8. Fig. 13(a) shows an optical 
photomicrograph of the microchamber. Chamber volume is 1 pl (10 m x 10 m x 10 m). Fig. 13(b) shows 
fluorescence image of the chambers acquired by color CCD. Fig. 3(c) shows the calibration result between oxygen 
concentration and fluorescent intensity of PtTFPP using Stern-Volmer as shown in equation 3. Photo degradation of 
the fluorescence was shown in Fig. 4(a). We proposed compensation of photo-degradation using equation 4. The 
photo-degradation is compensated as shown in Fig. 4(b). 

1
22

1 109.2]/[][103.7/   refref OOII                 (3) 
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(a)                                             (b) 

Figure 1. Experimental setup. (a) A schematic of photosynthesis analysis using single cell in micro chamber. (b) A 
schematic of optical system. 

 
Figure 2. Fabrication process of microchamber with oxygen sensor and gas barrier layer. (a) Spin coat of SU-8 on Si 
wafer. (b) Coat of sensor layer on the SU-8 mold. (c) Coat of gas barrier layer. (d) Pour of PDMS. (e) Peer off from 
Si wafer and bond to glass substrate. 

   

(a)                       (b)                                                     (c) 
Figure 3. Microchambers with oxygen sensor and gas barrier wall. (a) Photo of microchambers. (b) Fluorescent 
image of the chambers. (c) Calibration result of oxygen concentration and fluorescent intensity. 

Fluorescence 

10 m
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(a)                                               (b) 

Figure 4. Compensation of photo-degradation using difference compensation method. (a) Without compensation. (b) 
With compensation 

 
RESULTS AND DISCUSSIONS 

Figure 5 shows the measurement results. The size of the Synechocystis was about 2 m. The chamber was sealed 
by the glass substrate after injection of the 20 % fructose solution containing Synechocystis. Chamber was set in 
darkness until 300s and was set in bright field (2000 lux). Imaging time was 60 s. From experimental results, oxygen 
consumption ratio was 0.6*10-16 mol/s (without compensation: 0.7*10-16 mol/s) and oxygen generation ratio was 
2.0*10-16 mol/s (without compensation: 2.3*10-16 mol/s). Compensated value is near to the oxygen consumption 
ratio measured by group cell in previous work (0.42*10-16 mol/s). From equation 2, we calculated the sugar 
production ratio of single Synechocystis by photosynthesis was 25 fmol/s. This method is possible to identification 
of the gene contributing the photosynthesis using disruptant of Synechocystis sp. PCC 6803 and other 
microorganism. From this result, we confirmed the effectiveness of our proposed cell analysis approach. 

    
(a)                      (b)                                   (c) 

Figure 5. Measurement of photosynthesis activity of single Synechocystis sp. PCC 6803. (a) Photograph of single 
Synechocystis sp. PCC 6803 in microchamber. (b) t = 0 s. (c) Measurement result of oxygen concentration in 
microchamber. 

 
CONCLUSIONS 
  We measured aerobic respiration and photosynthesis of single Synechocystis sp. PCC 6803 in a microchamber as 
single cell activity analysis. We also developed difference compensation method for precise fluorescence 
measurement. This method can be used to measure the physiological properties in a single cell and can be used for 
analysis of cell to cell communication. This technique will make a great contribution in cell biology. 
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GENERATOR ON A MICROWELL SLIDE FOR HIGH-THROUGHPUT 

CELL ANALYSIS 
Emilie Weibull1, Shunsuke Matsui2, Helene Andersson-Svahn1 and Toshiro Ohashi2 

1School of Biotechnology, Royal Institute of Technology, Sweden 
2Graduate School of Engineering, Hokkaido University, Japan 

 
ABSTRACT 
 The present study reports a newly developed, microfluidic concentration gradient generator that adds substantial util-
ity to the high-throughput nature of the microwell slide that we have previously established [1, 2].  Using microfluidic 
dynamics, we have designed microchannels to deliver a reagent and its dilutant with precisely controlled flow volumes, 
generating 8 discrete steps of reagent concentration in designated microwells.  As proof of concept FITC-labeled dextran 
and dextran-free water was used to visualize the concentration gradient. The next step will be to perform cancer drug 
concentration gradient experiments on an animal cell line.  
 
KEYWORDS 
Microfluidic concentration gradient, High-throughput, Cell analysis, Microwells 

 
INTRODUCTION 

To achieve reliable and precise results in high-throughput cell analysis a highly controlled environment is often re-
quired.  This is often lacking in manually performed experiments or experiments done in an open chamber/well.  It has 
been reported that microfluidic gradient devices can control the pattern and the magnitude of a continuous gradient of bi-
omolecules [3].   

Here a polydimethylsiloxane (PDMS) microfluidic 3D-structure is integrated to a microwell slide, making it an en-
closed environment.  The present device differs from the previous devices in that a variety of concentrations are created 
in a spatially discrete manner.  In a dose-dependency analysis performed on the microwell platform, cells in individual 
microwells are subjected to a single concentration.  Due to the layout of the device the cells are not affected by intercel-
lular paracrine signaling from neighboring cells exposed to a different concentration. 
 
EXPERIMENT 

The PDMS microfluidic components consist of three layers: a microchannel layer, a mixing chamber/drain layer and 
a gasket layer.  A schematic illustration and a photograph of the device are shown in Figure 1(A) a and 1(B), respective-
ly.   
 

 
Figure 1.   (A) Schematic configuration of the device. Reagents are introduced into channels on the top layer, and dilu-
tants are introduced into channels on the second layer. (B) Photograph of the device. 
 

Each layer was fabricated individually using photolithography and soft-lithography techniques, using a double stack 
of a 112 !m thick sheet of dry resist film.  The components were bound together with the microwell slide on a hotplate 
following surface treatment with air plasma.  The experimental reagent and its dilutant are introduced from separate in-
lets and delivered to 8 mixing chambers, shown in Figure 2.   
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Figure 2.   Specification of microchannels and numbers of mixing chambers on the device. There are 8 mixing chambers. 
The reagent channel, orange, in the top layer and the dilution channel, blue, in the second layer. 
 

Each of the chambers covers four microwells of the previously described microwell slide [1, 2].  The reagent and di-
lutant concentration in the mixing chamber is dependent on the width and the length of the flow channels, resulting in an 
8-step reagent concentration gradient, ranging from " 1 (input concentration) to " 0.01.  To validate the device, a solution 
of FITC-labeled dextran in water at 0.6 mM and dextran-free water were injected using a syringe pump.  Fluorescence 
intensity in the mixing chamber was measured using an inverted fluorescent microscope and compared to a theoretical 
result.   

As a first cell experiment in the device, cultured bovine endothelial cells were exposed to a Saponin solution.  The 
device gave rise to 8 Saponin concentrations and 2 controls.  The result was evaluated in a fluorescent microscope after a 
live/dead stain assay was performed on the cells with a 5 !M Calcein AM and a 5 !M Ethidium Homodimer solution. 
 
RESULTS AND DISCUSSION 
 It was confirmed that an 8-step concentration gradient of the FITC-dextran solution was created, spanning three or-
ders of magnitude, shown in Figure 3.  The experimental results correspond well with the theoretical results.   
 

Figure 3.   Comparison of concentrations in the 8 mixing chambers between the experimental result and a theoretical 
analysis. 

 
Figure 4 shows fluorescent images of the 8 mixing chambers after cultured bovine endothelial cells were exposure to  

the Saponin solution.  The amount of dead cells increased with the concentration of Saponin, as expected, while live cells 
decreased.  The decrease was quantitatively confirmed for live cells as shown in Figure 5.  The microfluidic device show 
great potential and can be used in e.g. drug concentration experiments when screening for an appropriate drug concentra-
tion.  The device will use less reagents than traditional concentration assays and have a highly controlled environment 
what impedes intercellular paracrine signaling from neighboring chambers exposed to a different concentration. 
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Figure 4. Fluorescent images of the 8 mixing chambers from chamber 1 (concentration of Saponin: 100%) to 8 (0.1%). 
Green: live cells, red: dead cells. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 5.   The percentage of live cells from chamber 1 (concentration of Saponin: 100%) to 8 (0.1%). 

 
CONCLUSION 

With this new microfluidic device we expand the capabilities of the microwell slide, enabling several parallel animal 
cell assays to be performed under highly controlled conditions.  The results confirm the ability of the device to create 8 
designated concentration steps of a reagent. Hence, the developed microfluidic components adds an important function
to our microwell slide.  
 
ACKNOWLEDGEMENTS 

This work was financially supported by the Grants-in-Aid for Scientific Research (B) (grant No. 24300157) from the 
Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan and the strategic Japanese-Swedish 
cooperative program on ''Multidisciplinary BIO'' overseen by the Japan Science and Technology Agency (JST), the Swe-
dish Governmental Agency for Innovation Systems (VINNOVA), and the Swedish Foundation for Strategic Research 
(SSF). 
 
REFERENCES 
[1] S. Lindström, R Larsson, H Andersson-Svahn, Towards high throughput single cell/clone cultivation and analysis, 
Electrophoresis, 29, 1219-1227 (2008).
[2] S. Lindström, K. Mori, T. Ohashi, and H. Andersson-Svahn, A Microwell Array Device with Integrated Microfluidic 
Components for Enhanced Single-Cell Analysis, Electrophoresis, 30, 4166 (2009). 
[3] N.L. Jeon, H. Baskaran, S.K.W. Dertinger, G.M. Whitesides, L. Van De Water, M. Toner,  Neutrophil chemotaxis in 
linear and complex gradients of interleukin-8 formed in a microfabricated device, Nature Biotechnology, 20, 826 (2002). 
 
 CONTACT 
Emilie Weibull, +468-5537 8341 or emilie.weibull@biotech.kth.se  

1! 2! 3! 4! 5! 6! 7! 8!

(100%)! (20%)! (0.1%)!(10%)! (5%)! (2%)! (1%)!(50%)!

Chamber number (Concentration of Saponin [%])!

P
er

ce
nt

ag
e 

of
 li

ve
 c

el
ls

 [%
]!

5!

0!

10!

15!

20!

25!

30!

35!

40!

45!

50!

30!

 

1575
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MICROPOPULATIONS IN CONTROLLED MICROENVIRONMENTS 
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ABSTRACT 

We present a systematic investigation of microbial physiology at single cell level in controlled 
microenvironments employing the Envirostat 2.0 microfluidic single cell analysis system. The Envirostat represents 
a unique combination of contactless isolation of cells by dielectrophoresis with continuous cell perfusion. Thus, a 
chemically and physically steady extracellular environment is created, featuring unlimited nutrient supply, removal 
of secreted metabolites and avoidance of cell-surface interactions. By optimizing the electrode cage design, the 
Envirostat 2.0 now enables the manipulation of sub-micrometer bioparticles. Cytometric studies of trapped cells 
showed that the steady environment is reflected in higher specific growth rates as in populations.[1] 
 
KEYWORDS  
Single cell analysis, nDEP, Envirostat 2.0, extracellular environment, physiology, contactless manipulation 

 
INTRODUCTION 

Clonal microbial populations exhibit significant cell-to-cell differences that occur on all functional levels from 
genome to phenome. The extent of this physiological intrapopulation diversity was shown to be connected with 
frequency and strength of changes in the composition of the extracellular environment.[2] During conventional 
population-based cultivations, the extracellular environment is permanently changing because of inevitable 
concentration gradients caused by insufficient mixing and the metabolic activity of the cells. In consequence, these 
technologies do not allow for an adequate resolution of cell-cell differences and the analysis of specific 
phenotypes.[3] It can be deduced from these facts that the ability to cultivate and analyze single cells in controlled 
environments and hence reducing physiological oscillations is a fundamental prerequisite for the accurate description 
of the cellular biochemical network functionality.  

We face the challenge of creating controlled extracellular environments for the analysis of single cells with the 
Envirostat 2.0 system.[4] The Envirostat principle combines cell perfusion with contactless single cell isolation and 
retention by negative dielectrophoresis (nDEP) in order to create controlled microenvironments.[5] By applying a 
continuous medium flow, the rapid removal of extracellular metabolites and unlimited availability of nutrients and 
oxygen is guaranteed. Moreover, the mass transfer in this system is greatly enhanced by the enforced convection. 
CFD simulations substantiated the assumption that the environment of the target cell has a steady and static 
composition (Fig. 1).[5] In contrast to most other microfluidic systems for single cell analysis, relying on mechanical 
retention of cells, contactless trapping excludes the induction of unknown phenotypes by cell-surface interaction.  
 

 
Figure 1: The Envirostat analysis principle. Single cell perfusion in electrode cage: A continuous medium flow 
ensures unlimited nutrient and oxygen availability, as well as fast removal of secreted metabolites during cultivation 
and analysis of the single cell(s). Cell growth can be precisely followed by image cytometry analysis. On the basis of 
the image cytometry data, the growth phenotype of can be determined.[1]      
 

The Envirostat 2.0 extends the Envirostat principle to cover a wider range of cell-types. Through the optimization 
of the electrode cage geometry and the resulting enhancement of the dielectrophoretic force, the Envirostat 2.0 
system now allows for the manipulation of polarizable bioparticles with sub-micrometer size and thus facilitates to 
venture into the minutest dimensions of single cell analysis, including small bacterial cells (Fig. 2).  
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Figure 2: The Envirostat 2.0 chip: (A) (a) Topview of the microfluidic chip with metal carrying plate and the 
electrical contacting (b) topview of a non-assembled chip. (B) Microscopic picture of microchannel and 
microelectrode structures: (a) cell retention with Zig-Zag electrode and (1) cell suspension inlet, (b) single cell 
isolation section with (2, 3) waste outlet, (c) cross section with octode cage and (4, 7) cultivation medium inlet, (d) 
funnel electrode in cultivation microchamber with (5, 6) sampling outlets, (e) octode cage in cultivation 
microchamber.[4] 
 
RESULTS 

With the Envirostat 2.0, a unique data set including specific growth rates of single cells and micropopulations 
that were cultivated under precisely defined (micro-) environmental conditions could be obtained (Fig. 3).[1] As 
representative eukaryotic and prokaryotic model organisms with high biotechnological relevance, two yeast strains 
(Pichia pastoris MutS and Hansenula polymorpha RB11 conphys) and one bacterial strain (Corynebaterium 
glutamicum ATCC 13032) were investigated. It was found that isolated cells exhibited consistently faster volume 
growth rates in steady environments that were up to 2-fold higher than observed at population level (Fig. 4).[4] 
Noteworthy, this study reports the first contactless cultivation and analysis of a single bacterial cell, which could be 
achieved by the optimization of the electrode cage geometry. The cage electrodes were placed in a symmetrical 
octode arrangement with an electrode tip distance of 20 µm, resulting in a reactor volume of 8 pL. The design of the 
microfluidic channel structure and electrode functionality facilitates the reliable separation of single cells from bulk 
samples  
 

 
Figure 3: Volume growth analysis of single cells and micropopulations in the Envirostat 2.0 system. (A) The total 
cell volume of trapped cells, normalized to the smallest observed cells is shown on the y axis in a common 
logarithmic scale. Red lines represent the average growth rate at single cell level; blue lines show the growth rate at 
population level.[1]  

 
In order to quantify the effect of inhomogeneous extracellular environments on microbial growth, the kinetic data 

of single cells in the Envirostat 2.0 were compared with shake flask cultivations and diluted populations grown in 
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microtiter plates (Fig. 4). The composition of the extracellular environment of diluted populations was assumed to be 
merely negligibly altered by the metabolic activity of the few cells (1 x 107 cells mL-1 up to 2 x 108 cells mL-1).[6] In 
fact, diluted populations were growing faster than high cell titer populations in shake flasks. However, growth rates 
of cells cultivated in the Envirostat 2.0 still showed up to 35% higher specific growth rates than diluted populations.    

 

 
Figure 4: Comparison of specific growth rates determined in shake flasks, microtiter plates (MTP) and the 
Envirostat 2.0 system. The consistently higher specific growth rates of all investigated microbial strains in the 
Envirostat 2.0 system are striking. H. polymorpha exhibited a more than 2-fold higher growth rate when cultivated in 
the Envirostat 2.0 as compared to shake flask cultivations.[1] 

 
The presented results indicate that the extracellular environment can dictate the actual growth rate of unicellular 

microbial eukaryotes and prokaryotes and the constant extracellular environment in the Envirostat 2.0 diminishes the 
cell-to-cell differences. Since microbial growth is strongly linked to the global cellular physiology, the 
extraordinarily robust and fast growth suggests a state of optimal fitness of the investigated cells during cultivation 
in the Envirostat 2.0.  

 
CONCLUSION 

In summary, this study impressively proves the Envirostat 2.0 single cell analysis system as an innovative and 
flexible tool for elucidating undisturbed cellular physiology of single cells. With the advancement of the Envirostat 
concept, the Envirostat 2.0 facilitates cell type-independent analysis at single cell level, covering the wide range 
from mammalian to bacterial cells. 
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ABSTRACT 
 We present a microfluidic platform for platelet analysis based on multi-frequency electrical impedance 
spectroscopy (EIS). Two-phase dielectric focusing is used to enable sensitive detection while maintaining low 
shear forces to avoid platelet activation. Discrimination between erythrocytes and platelets was achieved by 
measuring the in-phase amplitude at a single frequency. Discrimination between resting and activated platelets 
was demonstrated using multi-frequency impedance measurement in combination with discriminant analysis. 
The percentage of activated platelets before and after a passage through the chip was measured using flow 
cytometry analysis and showed that no significant activation of the platelets occurred in the chip. This technique 
has the potential to be developed into a point-of-care assay for platelet monitoring requiring minimal preparation 
of whole blood samples. 
 
KEYWORDS 
Platelets, impedance spectroscopy, two-phase flow.  

INTRODUCTION 
A higher-than-normal number of activated platelets in the blood stream can be a sign of several serious 

diseases as well as the result of medical procedures that process the blood outside of the body, such as dialysis. 
There is therefore an interest in developing an analysis platform that is able to assess the platelet activation state 
in real time. 

Since shear stresses or contact with negatively charges surfaces, such as glass, can alter the activation state of 
platelets, a gentle analysis method is needed that preferably is label-free and capable of differentiating between 
different cell types and platelet activation states. Electrochemical impedance spectroscopy meets these criteria 
and has been demonstrated for single cell experiments as well as differentiation of different cell types. 
Impedance spectroscopy is, however, typically used with small channel dimensions to maximize the impedance 
signal for single cells. Due to the high shear stress in these channels, this approach is, however, not suitable for 
platelet studies. Through the use of two-phase, dielectric focusing, high signal-to-background signals can be 
achieved while maintaining the low shear forces of a larger channel. 

In this paper, we present a platelet analysis platform based on impedance spectroscopy that combined with 
two-phase dielectric focusing enables monitoring of platelet activation states in a flow-through format.  

EXPERIMENT
 The microfluidic chip consisted of two glass wafers with a 50-µm thick, 350-µm wide fluidic channel 
fabricated from a double-sided pressure-sensitive adhesive (Adhesives Research, Glen Rock, PA). 
Dielectrophoresis and impedance measurements were performed using 20-µm wide platinum electrodes (Figures 
1 and 2). The detection sensitivity of a narrow fluidic channel was achieved without the associated high shear 
forces via two-phase dielectric focusing 1, 2. The ionically conductive platelet suspension was infused through the 
sample/center inlet while non-conductive mineral oil was infused through two side inlets, resulting in a 
conductive center core 30 µm in width.  

The platelets were centered in the channel using negative dielectrophoresis (930 kHz, 5 Vrms) to avoid 
activation from either glass surface contact or high shear forces close to the channel walls. Platelet suspensions 
were prepared from intravenously collected blood from healthy volunteers. After centrifugation and washing, 
platelets were resuspended before activating one aliquot with 20 µM thrombin receptor-activating peptide 
(TRAP); a second aliquot was not intentionally activated (“resting” platelets). The number of activated platelets 
in each sample was measured using activation-specific labeling and flow cytometry; note that our EIS approach 
requires no such labeling step. A resting platelet sample was also analyzed before and after passage through the 
chip to show that this did not alter their activation level. 
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Figure 1. (A) fluidic design of laser-ablated polyester film 
and electrode layout on glass chips. (B) photograph of 
device in an acrylic fixture (US quarter dollar for scale). 
Spring-loaded headers connect the amplifier to the chip. 
 

Figure 2. Block diagram showing 
dielectrophoresis and detection electrodes and 
instrumentation for EIS measurements.  
 

 
 Impedance measurements were performed using a Zürich Instrument HF2IS impedance spectroscope 
together with an HF2CA current amplifier at four simultaneous frequencies (284 kHz, 1.20 MHz, 2.39 MHz and 
4.02 MHz, each with a 1 Vrms amplitude). The in-phase and out-of-phase components were acquired and 
analyzed in MATLAB®. Wavelet-based algorithms were used to detect particles and platelets and extract peak 
amplitudes. From the extracted in-phase and out-of-phase peak amplitudes, the magnitude, opacity and tan(!) 
(out-of-phase amplitude divided by in-phase amplitude) were calculated for each frequency. All parameters were 
further analyzed using multivariate discriminant analysis with a statistical software package (JMP®, SAS, Cary, 
NC) to differentiate and classify the platelets.  

RESULTS 
By analyzing the in-phase amplitude at a single frequency, 5 and 10 µm microparticles could be 

discriminated from each other as well as erythrocytes and platelets (Figure 3).  

 
Figure 3. Histogram of in-phase amplitudes for a mixed sample of erythrocytes and platelets. The inset shows 
the impedance peaks for platelets and erythrocytes. 
 

To discriminate between resting and TRAP-treated (activated) platelets, multiple frequencies were used in 
combination with discriminant analysis. Figure 4 shows a classification scatter plot as obtained by the 
discriminant analysis where a clear separation between resting and activated platelets can be seen.   
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Figure 4. Scatter plot from discriminant analysis showing classification of platelets in resting and TRAP-treated 

samples. 
 
The percentage of activated platelets in the resting and activated samples from EIS classification and flow 

cytometry analysis shows good correlation with the sample type (Figure 5). No significant change was measured 
in the percentage of activated platelets in a resting sample before and after passage through the chip (6.1% vs. 
5.9%, respectively). 

 

 
Figure 5. Percentage of activated platelets in resting and TRAP-treated samples as measured by electrical 

impedance spectroscopy and flow cytometry. Error bars correspond to ± 1 standard deviation for averages of 12 
measurements for EIS data and two measurements for flow cytometry data.  

 
CONCLUSIONS 
The results presented here demonstrate a successful classification of the activation state of platelets using EIS 
and provide a critical proof of concept for a point-of-care assay free of the labeling and other complexities of 
conventional optical flow cytometry instrumentation. 
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ABSTRACT 
Layout, operation, and results of a microfluidic device, which allows for anaerobic and aerobic cultivation of yeast 

cells over extended time (>3 days) are presented. The use of this device in combination with automated image analysis 
software and multiple fluorescence reporters (>4 fluorescence protein per strain) allows for studying timing and 
coherence of morphological features, the cell-cycle timing, stress-pathway activation, and the occurrence of protein 
aggregates during the whole cell life cycle. Moreover, the device enables to investigate the inheritance of such features 
over several cell generations under different metabolic conditions. 

KEYWORDS 
Live cell imaging, 2D cell culture, yeast, perfusion 

INTRODUCTION 
Elucidation of cell-to-cell variability and associated hereditary transmission are at the forefront of current research in 

single-cell analysis. In order to investigate the reasons for cell-to-cell variability – including, for example, stochastic 
noise in gene expression, different cell age or different microenvironments – experimental setups are required that enable 
to monitor cells and their progeny at single-cell resolution over their whole life span. 

Most of the aging-involved processes are guided by molecular events. These can be observed by advanced light and 
fluorescence microscopy, which recently have been combined with cell cultivation in microfluidic chips [1-3]. Advances 
in both fields already allowed the generation of consistent single-cell data sets under realistic conditions at subcellular 
resolution [1,2,4]. 

Assessment of cell heterogeneity and its inheritance needs further developments and an improved synergy between 
microfluidic cell culturing and microscopy setups. This includes devices enabling simple and reliable culturing of 
different cell populations in parallel under precise and dynamic control of the microenvironment, as well as non-
restricted optical access for high-resolution live-cell imaging and tracking in long-duration experiments. 

In this contribution, we present a microfluidic chip featuring extremely simple but robust operation and cell loading, 
which has been used for live-cell imaging of several yeast strains in parallel. Population growth has been constrained in a 
horizontal plane and, therefore, enables high-resolution time-lapse imaging using automated microscope control and 
image acquisition. 

EXPERIMENT 
The microfluidic layout is shown in Figure 1a. It consists of three identical compartments, which allows simultaneous 

cross-talk-free experiments with three different yeast strains in parallel, and a surrounding channel structure for perfusion 
purposes. Microfluidic structures have been fabricated in PDMS, casted from a two-layer SU-8 mold, fabricated by 
standard photolithographic processes. The heights of the two layers can be adapted with regard to optimal flow-
conditions and cell clamping force. Loading and operation of the microfluidic chip is extremely simple without 
compromising imaging resolution (see Figure 1). Cells (108/ml) are loaded into dedicated areas of the O2-plasma-
activated PDMS using a conventional pipette. The droplet is kept in place by a surrounding trench, which acts as 
capillary stop and prevents the liquid to be spread over the whole hydrophilic PDMS surface (1). A glass slide (150 !m 
thick) is placed on top to seal the microfluidic network and clamp the cells between the soft PDMS and the glass (1-4 !m 
gap, adjustable with respect to target cells). In this way, cells are immobilized, and population growth is constrained to 
the same focal plane. During the sealing step, excess medium is guided sideways into the overflow compartments (b). 
This prevents a spreading over the whole PDMS-glass interface, which would render a tight, irreversible bond 
impossible. Previous to the loading process, the PDMS layer is extensively degassed in a vacuum chamber and allows the 
uptake of air enclosures in the microfluidic network during the loading process. 20-30 minutes after loading, the 
microfluidic chip is completely filled without any remaining bubbles that could eventually upset fluid-flow conditions. 

A larger microfluidic ring structure surrounds the three culturing sites and ensures continuous perfusion and nutrient 
supply. It has been designed so as to minimize the delivery time of oxygenated media into the chip (<3 min), while 
keeping flow-speeds in the compartments low (<50 !m/s) in order to reduce shear-stress on the cells and to avoid cell 
displacement. We used a Wheatstone-bridge-analogous arrangement and introduced the flow resistor, RF, which 
generates a pressure difference between the lower and upper channel (Fig. 1a). Different RF values have been realized in 
the parallel fabrication process to have variability in internal flow-rates in different experiments. An electric circuit 
model, based on calculated flow-resistances, was required to optimize the inlets of each single cell-culturing 
compartment, RCelli, in order to generate equal flow-rates in all of them. 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1582



 
Figure 1: (a) Layout and pressure conditions in the microfluidic network (top view). The flow resistances of the three 
parallel cell-culturing compartments (RCell1-3) are adjusted to generate equal flow-rates. The pressure differences are 
resulting from the channel constriction, RF (Wheatstone bridge analogy). (b) Side view of the PDMS chip and the two-
layer SU-8 mold. (c) For loading, cell solutions are pipetted (1) on the activated PDMS surface (channels open to top), 

and the chip is then sealed with a glass slide pushing excess liquid sideways (2) into the overflow compartments and 
clamping the cells between PDMS and glass (3). For experiments, the chip is flipped, and liquid tubings are connected 

(4). (d) Fabricated chip filled with food color for visualization. 
 
After loading with cells, the inlet of the chip (Fig. 1d) is connected to an oxygenated media tank, and the outlet to a 

standard syringe pump in withdrawal mode (5-10 µl/min). Standard tubings are plugged into previously punched in- and 
outlet holes in the PDMS layer. The device is placed on an inverted fluorescence microscope (Nikon Ti-Eclipse) with 
automated stage, a hardware autofocus device, and custom-made acquisition software (www.youscope.org). Time-lapse 
imaging (bright-field and fluorescence) is performed at up to 30 selected sites in parallel (5 to 10-min interval). 

 
To characterize the performance of the chip, we used different S. cerevisiae yeast strains featuring different 

fluorescence markers. Figure 2, for example, shows frames of a typical time lapse movie of yeast cells cultured under 
continuous perfusion over 24 hours. The S. cerevisiae cells express a fluorescence marker for budneck formation (Myo1) 
appearing each time at the end of a growth cycle. This can be observed over the whole experiment. For the strain shown 
in Figure 3, an additional marker for “Start” inhibition (Whi5) has been introduced. The live-cell-imaging shows 
continuous and natural growth times throughout the “cell-sheet” even though the carbon source (glycerol) requires high 
oxygen concentrations (>20 mM L-1 h-1) during the experiment. The presented perfusion approach is therefore suited for 
the requirement of aerobic conditions in the microfluidic chip. 

Further, it is shown that yeast cells are not stressed under these conditions by growing a strain featuring a 
fluorescently tagged general stress response transcription factor (Msn2) in one of the parallel chambers. Stress can be 
induced during loading, as well as during the whole experiment as a consequence of the mechanical pressure on the cells. 
The Msn2 transcription factor disperses throughout the cytoplasm in unstressed conditions and relocates into the nucleus 
upon environmental stress, such as the absence of oxygen. Figure 4 shows a healthy yeast cell population during the first 
8 hours in culture. After an experimenter-induced stop of perfusion and related oxygen supply, bright fluorescent spots 
appear due to the relocation of the transcription factor. 
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Figure 2: Frames (28 hours, regular capture) of a dual channel (bright-field and fluorescence) time-lapse movie of yeast 

cells tagged with Myo1-Citrine. Myo1 localizes at the bud neck from S phase to the end of mitosis. The bright yellow 
cells are dead cells. Cells are grown in glucose (anaerobic conditions). 

 
 

 
Figure 3: Frames of a 3-channel (1 bright-field and 2 fluorescence) time-lapse movie from yeast cells tagged with Myo1 

(red) and Whi5 (yellow). Cells are grown in glycerol (obligatory aerobic conditions). 
 
 

 
Figure 4: Initial frames of a yeast colony featuring Msn2 (green). The red line indicates the stopping of the perfusion and 

reduced oxygen availability. Cells are grown in glycerol (obligatory aerobic conditions). 
 
 
With this system, we are currently studying the genealogy and cellular heterogeneity of cell populations under 

different metabolic conditions and try to quantify the molecular and subcellular changes associated with aging of yeast 
cells. 

 

REFERENCES 
[1] S. Cookson, N. Ostroff, W. L. Pang, D. Volfson, and J. Hasty, Monitoring Dynamics of Single-cell Gene Expression 
over Multiple Cell Cycles, Molecular Systems Biology, 1, pp. 1-6, (2005). 
[2] O. Mondragon-Palomino, T. Danino, J. Selimkhanov, L. Tsimring, and J. Hasty, Entrainment of a Population of 
Synthetic Genetic Oscillators, Science, 333(6047), pp. 1315-1319, (2011). 
[3] D. Di Carlo, L. Y. Wu, and L. P. Lee, Dynamic Single Cell Culture Array, Lab on a Chip, 6(11), pp. 1445-1449, 
(2006). 
[4] S. S. Lee, I. Avalos, D. H. E. W. Huberts, L. P. Lee, M. Heinemann, Whole Lifespan Microscopic Observation of 
Budding Yeast Aging through a Microfluidic Dissection Platform, PNAS, 109, pp. 4916-4920, (2012). 

CONTACT 
Olivier Frey 41-61-387-3344 or olivier.frey@bsse.ethz.ch 

 

 1584



SPATIALLY PATTERNED NEURAL AND CARDIAC DIFFERENTIATION 
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ABSTRACT 
   Experiments using a micro-device, consisting of two flow channels and 3 pillars standing at the channel 
crossing, firstly showed that an embryoid body (EB) of iPS cells can be differentiated into neural and cardiac cells in 
a spatially patterned manner. Theoretical simulation showed that the chemical gradients can be kept at the crossing 
even with small flowing velocity of 0.1uL/min. It demonstrated that patterned differentiation is induced in one EB 
when 2 media were perfused simultaneously. The experiments show its advantages in maintaining a low shear while 
keeping two gradients; it will help to understand the developmental biology. 

KEYWORDS 
Patterned differentiation, embryoid body, iPS, neuron, cardiac induction, microfluidics. 

INTRODUCTION
Pluripotent stem cell has been widely applied in both fundamental research and biomedical field; it is expected 

to be a source of renewable cells for tissue regeneration/replacement therapies because of ability of self-renewal and 
differentiation into almost all derivatives. However, it is still difficult to control and manipulate over two types of 
heterogeneous differentiation of pluripotent stem cell. Conventional culturing techniques using only dishes or plates 
can’t generate stable chemical gradients continuously for a long time, and do not allow cultured stem cells to be 
affected by more than one differentiation media at the same time. Methods using hydrogel or micro-capillary can’t 
stably produce over two kinds of gradients simultaneously for cell culture or differentiation [1]. Therefore, 
microfluidic device was introduced due to its unique properties such as force effects, surface effect and friction 
effects. Spatial undiffentiated/differentiated EB model has been reported in a microfluidic device, however, it is not 
easily controlled because the applied shear stress of 50uL/min to 200 uL/min would wash cells away or exert a 
reverse effect on cell [2].  

In order to generate a stable chemical gradient while keeping proper perfusion flowing condition for spatially 
dual differentiation, we developed a new microfluidic device, which would support a low level of shear stress, at the 
same time two chemical gradients can be kept for culturing and cell differentiation; it is expected to control two 
kinds of differentiation processes by manipulating the culturing conditions (medium kinds, flow rate, factor 
concentration etc.) in both ‘time and space’. Our experimental results of immuno-staining indicated that neural and 
cardiac lineage cells were successfully differentiated in one EB spatially. It indicated that the chemical gradients play 
a key role in directing the spatial differentiation and modulating the structure of derivative directly. This suggested 
that spatially patterned differentiation can be controlled by perfusing two gradient growth factors in a microfluidic 
device. In the future, multiple chemical gradients more than 2 factors can be expected to control in vitro 
differentiation, to generate complex cell derivatives for medical test or tissue engineering in the biomedical field. 
The present experiment is also helpful for understanding embryonic developmental biology.

MATERIALS AND METHODS 
The device was fabricated using a method of photolithography, at first, the device diagram was drawn by 

Autocad 3.4, based on which a GDS file was prepared, then a shadow mask was fabricated by using a laser exposing 
system. The mask is developed for UV exposure. Photosensitive epoxy (SU-8 2100) was spun coated onto a cleaned 
silicon wafer, followed by being baked at 65℃ for 15 min and 95℃ for 90 min, then it was exposed to UV light 
through the mask. After baking, it was developed in SU-8 developer for 15 min and rinsed with IPA (isopropyl 
alcohol). The wafer was coated with CHF3, then Poly-dimethylsiloxane (PDMS) was poured on the wafer, after 
degassing, the PDMS block was heated, then it was trimmed to get PDMS model, after adherence onto a slide glass 
by oxygen plasma and silicon tubes assembling; the micro-device can be used for culture experiment.  

Before culture using the microfluidic device, theoretical simulation using software of Comsol Multiphysics 3.5a 
was carried out for determining flowing velocity and chemical concentration at the crossing of the flowing channel.  

Induced pluripotent stem cell (iPS) (cell line: MEF-Ng-20D-17) was purchased from Kyoto University, cultured 
on mouse embryo fibroblast (MEF) was maintained in DMEM containing 15% KSR (Knockout Serum 
Replacement), and LIF with medium changed every day in a humidified incubator (37℃, 5%CO2). iPS cells were 
dissociated and plated 2000 cells/well onto a non-adherent culture plates to form a spheroid (so called embryoid 
body, EB). After 2 days of culture, one EB was taken out and seeded onto the crossing of the micro-device. After 
connecting the microfluidic device to the pumps, medium containing 20%FBS and/or medium containing N2 
medium was perfused into the device from the two channels at 0.1ul min-1 respectively. In our experiment, cardiac 
differentiation of EB was induced by a medium containing 20% FBS, neural differentiation was induced by a 
medium containing N2 supplement. After perfusion culture for 4 days in the microfluidic device, the samples were 
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immuno-stained by neural marker of b3-tubulin and cardiac marker of Troponin. 
 

RESULT AND DISCUSSION  
As Figure 1 showed, a microfluidic device is composed of two flow channels, and an EB seeding channel. There 

is one PDMS pillar and 3 PDMS pillars standing at the flow channels and the crossing respectively for preventing 
EB from flowing away. The height of PDMS pillar is 430 μm. The diameter of PDMS pillar is 80μm. 

 

 
 
 
 
 
 
Theoretical simulation by using COMSOL Multiphysics indicated that a proper chemical gradient was stably 

kept at the culture crossing for inducing cell differentiation (Figure 2A), which exists even when the flowing speed 
was set at 0.1uL/min corresponding to shear of 0.07mPa, which is small enough to avoid its influence on the cells 
(Figures 2). Calculation by COMSOL Multiphysics also showed that flowing rate at the cross point is nearly 0 
(Figure 2B), even after EB is seeded at the center of the crossing (Figure 2B). It indicated that microfluidic device 
was proper for seeding EBs at the crossing point and culturing for proliferation and differentiation. 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As Figures 3-5 showed, the EB is perfusion cultured in N2, FBS or N2/FBS medium respectively, fluorescence 

intensity of the EB decreased and disappeared after 2 days of culture in N2, FBS or N2/FBS medium (data not 
shown). After perfusion culture in N2, FBS or N2/FBS media for 4 days, the EB in the microfluidic device was 
immuno-stained by using neural marker of b3-Tubulin and cardiac marker of cardiac Troponin together (Figures 3-5). 
The immuno-staining results demonstrated that 2 days’ induction by N2 medium has resulted in the occurrence of 
neural tissues (data not shown), the neural fiber can be observed very clearly 4 days later (Figures 3). Similar to N2 
induction, 2 days’ induction by FBS medium has resulted in the occurrence of cardiac tissues (data not shown), the 
more cardiac tissue can be stained by cardiac marker of Troponin 4 days later (Figures 4). In all, perfusion culture 
promoted proliferation and differentiation. When EB was perfusion cultured in FBS and N2 medium simultaneously, 
immunostaining results showed that cardiac marker of troponin and neural marker of b3-tubulin were existed in one 
EB (Figure 5), which was also testified by real-time PCR (data not shown).  

 

Figure 1 Two dimensional and three dimensional structures (by laser microscope) microphotographs of the 
microfluidic device; PDMS pillars (dia.80um, height, 430um) standing at the crossing or channel for preventing 
from EB washing away; 

 

A B

Figure 2 Simulation of chemical gradients (A) and flowing velocity (B) in the -device with or without EB by 
Comsol Multiphysics. When two kinds of chemical solutions are perfused into the device, Figures on the right 
show the chemical gradient (or flowing velocity) along the blue line in the left pictures. It indicated that a proper 
chemical gradient existed at the crossing (B) and flowing velocity was the least there (B).  
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Figure 5 Patterned differentiation of embryoid body of mouse induced pluripotent stem cell after culture for 4 days 
perfusion in the microfluidic device, which was immuno-stained by cardiac Troponin and Neural b3-Tubulin. 
 
CONCLUSIONS  

A simple microfluidic device was developed to mimic in vivo surroundings, which can keep low shear and 
chemical gradient simultaneously; and a spatially patterned neural and cardiac differentiation was firstly carried out. 
The results showed that spatially differentiation of neural and cardiac lineage was successfully induced by 
controlling the flow rate and chemical gradient. The experiments suggested that it is possible to control the 
differentiation of different cell types of the stem cell artificially by adjusting the flowing velocity or chemical 
gradients etc. Therefore, it would be a useful tool to induce over two kinds of differentiation simultaneously in vitro 
in future stem cell researches in the biomedical field such as medical test, tissue engineering, which also would help 
us to understand in vivo embryonic development well,  
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Figure 3 Neural differentiation of 
embryoid body of mouse induced 
pluripotent stem cells in the 
microfluidic device after 4 days 
induction in N2 medium. The neural 
fiber was clearly observed, which is 
immuno-stained by neural b3-Tubulin. 

Figure 4 Cardiac differentiation of 
embryoid body of mouse induced 
pluripotent stem cells in the 
microfluidic device after 4 days 
induction in FBS medium. The 
derivatives were immuno-stained by 
cardiac Troponin  
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After the MPC lift-off, we patterned fibronectin. A 1:9 mixture of rhodamine tagged fibronectin with unmodified

fibronectin with a total fibronectin concentration of 50 µg/mL was printed by micro contact printing technique onto

microplates (Fig.2 B, C). Line thickness of the stamps was 5 µm, line pitch differed from 5 to 20 µm. At first, the

PDMS stamp was incubated in fibronectin solution for an hour at 37°C (Fig.2 B1). After an uptake of the remaining

fibronectin solution, the stamp was submerged into sterile Milli-Q water twice and then gently dried under a stream

of dry air. The stamp was then placed on the glass plate with its surface facing toward the microplates (Fig.2 B2).

Applying pressure, the stamp was not moved for an hour at room temperature. To achieve constant and reproducible

pressure, flat weights were applied. We were able to reproduce patterns with great homogeneity by using weights of

50 or 100 g (Fig.2 D, E). For control experiments, microplates were coated uniformly with fibronectin by covering

microplates with fibronectin solution (50 µg/mL) for 20-30 min at room temperature.

NIH/3T3 cells were seeded onto microplates at a concentration of 5×104 cells/mL in 2 mL DMEM medium

(Sigma). After 2-3 hours after seeding, the plates were washed with PBS to remove unattached cells and transferred

to a new dish with fresh medium. Microscopic images were obtained at 12 and 24 hours after seeding. Staining was

performed after fixation with para-formaldehyde and BSA blocking. Actin fibers were stained green with Alexa 488

phalloidin A12379 (Invitrogen) and cell nuclei were stained blue with Hoechst 33342 (Invitrogen).

RESULTSAND DISCUSSION

In Fig. 3, we present merged fluorescence images of fixated bridging cells. Actin filaments were stained green,

cell nuclei were stained blue and the underlaying 5 µm pitch fibronectin pattern is shown in red. Changing the

orientation of the fibronectin lines relative to the longitudinal axis of the microplate pairs, defined as θ (Fig.3 A),

affected the alignment of cells. Not only are the cell shapes aligned to the pattern, also actin fibers are oriented

parallel to the fibronectin lines often. While for θ=0°, cells that align to fibronectin pattern can stretch over the

whole length of both microplates, cells that align to θ=90° orientated fibronectin lines cannot stretch completely

along the lines because the space is limited by the edges of the microplates (Fig.3 B, D).

When cells bridge between two paired miroplates, they have to cross the gap between these plates. Naturally, the

greater the gap was, the more MPC coated surface cells had to bridge. For each different pattern and different gap

size, we counted all single cells bridging paired microplates and normalized with all microplate pairs with attached

cells at 12 hours post seeding to calculate the ratio of bridging single cells. Uniformly coated plates allow the

greatest freedom for cellular movement and orientation. Uniformly coated fibronectin led to the highest ratio of

bridging single cells. For a θ=90° pattern, the ratio of bridging single cells was lowest. As expected, the ratio of

bridging single cells is also dependent on gap size between pairs of microplates. Cells bridged less over big gaps.

Figure 2: A) Process flow schematic of the microplate patterning. (1)-(3) Microplates were formed by sequential

etching after lithography. (4) and (5) MPC polymer [7] was coated to prevent cell adhesion. B) Microplates were

patterned with fibronectin by micro contact printing with a PDMS stamp. C) Schematic illustration of pattern

types. D) Fluorescence image of pairs of microplates with rhodamine tagged fibronectin line pattern. Stamps were

pressed onto the sample with a weight for one hour. E) Summary of weights.
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Figure 3: NIH/3T3 cells develop different orientation and cell shapes on 50×50 µm2 parylene microplates due to

their alignment to different fibronectin pattern. A) The angle θ is defined between the orientation of fibronectin

lines and the longitudinal axis of microplate pairs. B) - D) Fluorescence microscopy images of NIH/3T3 cells that

bridge between two neighboured microplates. Actin fibers are stained green with Alexa 488 phalloidin, cell nuclei

are stained blue with Hoechst 33342 and rhodamine tagged fibronectin is shown in red. Fibronectin lines are 5

µm thick and their line pitch is 5 µm. Fixation was performed at 12 hours post seeding.

The folding of microplates pairs by cells requires a prior bridging of these cells connecting neighboured plates.

Due to the underlying sacrificial layer, microplates can detach from the substrate spontaneously. When cells are

attached to microplates and these microplates detach spontaneously, we often observed folding. In most cases, one

microplate was detached and folded onto its neighbour plate. Thereby, cells were sandwiched between these

microplates.

We counted folded microplates from bright field microscopic images at 24 hours post seeding and calculated the

ratio of folded microplates. By division of that ratio and the previously obtained ratio of bridging single cells, we

took into account that bridging is different for each pattern. For fibronectin lines with a pitch of 10 µm, our

preliminary finding indicates that a θ=0° pattern supports folding.

CONCLUSION

We observed that actin fibers of cells often align to an underlying fibronectin pattern of thin lines. Further, our

preliminary results suggest that single cells bridge microplates and cells fold microplates depending on the

fibronectin line orientation.
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ABSTRACT
This paper describes a new platform for the capture, perfusion, and imaging of a large number of dissociated olfactory 

sensory neurons (OSNs) simultaneously. The platform consists of a fluid selection device integrated with a multiwell plate 
and a removable-top cell perfusion chamber bonded to an array of addressable cell-trapping microwells. Integration of a 24-
well plate with our PDMS device allows fluids to be stored on-chip and eliminates the need for external reservoirs and tub-
ing. The removable-top perfusion chamber facilitates cell seeding and enables cell retrieval post-imaging. Finally, an ad-
dressable array of microwells allows specific cells of interest to be located following calcium imaging and immunostaining. 

KEYWORDS: Large-Scale Screening, Olfaction, Microfluidic Integration 

INTRODUCTION
In the mammalian olfactory system, over a thousand different odorant receptor types are used in different combinations to 

sense odorants, with one odorant receptor expressed per olfactory sensory neuron (OSN) [1]. Previously, we developed a mi-
crofluidic platform for high-throughput calcium imaging of dissociated OSNs to enable visualization of rare OSN responses 
amongst thousands of cells [2]. In that system, the fluid valves were manually actuated, resulting in poor control. Additional-
ly, as the cell chamber was permanently closed and did not contain landmarks, it was not possible to track and/or retrieve in-
dividual cells after imaging.  

THEORY
We have integrated a 24-well plate with a PDMS device so that the wells of the 24-well plate act as open-well inputs of 

the PDMS device (Figure 1). This tubeless mode of fluid introduction is much more user-friendly than the cumbersome tub-
ing used in traditional microfluidic systems (Figure 1). The bottom PDMS half contains 8 different valved stimulant lines 
and a buffer line, with valves placed at the junction between the stimuli lines and the buffer line to minimize dead volume 
(Figure 2). These PDMS layers consist of 45 micron-thick fluid and control layers, with a 10 micron-thick PDMS membrane 
sandwiched in between. A bottomless 24-well plate is attached to the top surface of the PDMS by modifying the bottom sur-
face of the microplate with 2% aminopropyltriethoxysilane (APTES), followed by bonding it to the top surface of the PDMS 
device using oxygen plasma. Eight of the wells interface with separate stimulant lines, while the other 8 are connected to-
gether to serve as a large common buffer reservoir. An airtight lid with a single pressure line feeding into it allows all of the
fluid samples to be pressurized simultaneously. Alternatively, fluid may be driven through the device by pulling with vacu-
um from the outlet. The pneumatic lines that actuate the valves are controlled by LabView software. 

Figure 1:  Schematic (a) and photograph (b) of the multiwell plate-integrated fluid selection device. If needed, we perfo-
rate side holes in the empty wells to communicate them with each other in order to use them as buffer wells (not shown). 
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Figure 2:  Micrographs showing the valve for green dye opened (a), followed by a rinse with buffer (b), the valve for red 

dye opened (c), and a second rinse with buffer (d). 

 
The perfusion device is connected via a short tube to the perfusion chamber, which has an open roof (Figure 3). The floor 

of this perfusion chamber contains a PDMS microwell array for the cells. . After seeding, the chamber is reversibly sealed for 
perfusion with a coverslip and vacuum grease. The microwells (10 or 20 µm diameter, 10 µm deep) are arranged in sets of 5 
x 5 blocks of 20 x 20 wells each, and each block is labeled with a unique set of coordinates (Figure 4). 

 

 
Figure 3:  Schematic of the cell perfusion chamber with a removable roof. 

 

 
Figure 4:  Mask design of the addressable microwell array. 

 
EXPERIMENTAL 

Arrays of 20 µm diameter microwells are oxygen plasma treated at 400 mTorr and 100 watts for 60 seconds. They are 
then coated with poly-D-lysine and concanavalin A type V for 90 minutes, followed by a rinse in deionized water. The olfac-
tory epithelium lining the turbinates of two adult female C57/BL mice are dissected out and dissociated in papain. The OSNs 
are then loaded with the calcium-sensitive dye, fluo-4-AM, seeded onto the microwell substrate, and then incubated for 60 
minutes to allow for dye loading and cell recovery. The cells are then sequentially perfused with Ringer’s solution, DMSO 
control, a mix of 3 odorants (amyl acetate, benzyl acetate, heptanal, 100 µM each), farnesene (100 µM), and a high KCl solu-
tion. Cells responses are visualized as an increase in fluorescence of the fluo-4 with 4x images taken every 4 s.  
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RESULTS AND DISCUSSION 
An example of acutely-dissociated OSNs responding to a non-specific depolarizing stimulus (KCl) and one OSN re-

sponding to the mouse pheromone, farnesene, are shown in Figure 5. In this example, there are many cells that respond to the 
application of KCl, indicating that those cells are neurons that are still viable at the end of our experiment. Smaller subsets of 
these cells responded to the application of the odorant mix and farnesene. We were able to find the locations of responsive 
cells (determined by changes in fluorescence intensity) by overlaying the fluorescence and phase contrast images of our mi-
crowell arrays. This demonstrates the potential to visualize and then stain and retrieve such rare cells using our addressable 
microwells. 

 

 
Figure 5:  Micrographs (A,B) and response curves (C,D) of OSNs seeded onto the addressable microwells and then perfused 
with buffer, DMSO, a mix of 3 odorants, the pheromone farnesene, and a high KCl solution. The image in (A) represents 
~8% of a 4x image. Panel (C) shows the responses of about ~400 KCl-responsive regions, and panels (B,D) depict the re-
sponses of a farnesene-responsive cell with responses to farnesene and KCl indicated with arrowheads.    
 
CONCLUSION 

We have developed an improved system for the trapping, perfusion, and imaging of olfactory sensory neurons. The inte-
gration of a 24-well microplate into our PDMS valving device simplifies the loading of fluids into our system by removing 
the need for externally-connected fluid reservoirs. Additionally, we are able to seed cells directly onto our addressable mi-
crowell arrays but still generate even flow profiles using our cell perfusion chamber with removable roof. 
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ABSTRACT 

A disposable, microfluidic chip-system for high-throughput lineage tree investigations of bacterial microcolonies is pre-
sented. The device enables hydrodynamic trapping of multiple single bacteria cells of various industrially relevant bacteria 
strains in monolayer growth chambers. The chambers are arranged in array-like structures allowing systematic high-
throughput cultivation, analysis and lineage tree generation. This work paves the way for future system biological investiga-
tions such as cell-to-cell heterogeneity studies with the main goal of collecting statistical data. As an example, the complete 
“lineage tree generation pipeline” for bacteria microcolonies, starting from microfluidic cultivation, over microscopy data ac-
quisition, semi-automated image analysis to the lineage tree is demonstrated for Gluconobacter oxydans.   

 
KEYWORDS  
Single Cell Analysis, Lineage Tree Generation, Systems Biology, Bacteria, Image Analysis 

 
INTRODUCTION 

Investigating growth and division behavior of bacterial cells has been the research interest for many decades [1]. Since the 
last decade there is an increasing interest on single cell analysis to gain time resolved data, rather than relying on average in-
formation. Fields of interest range from stochastic gene expression [2] to metabolite production on single cell level [3] in-
cluding growth studies at defined environments [4]. Typically, simple agar-pads are used to investigate bacteria on single cell 
level and observe growth by time-lapse microscopy [2]. Despite continuous improvements, studies under constant environ-
mental conditions are limited in these devices. In particular, defined medium changes and high-throughput investigations are 
not possible. Microfluidic systems have tackled these limitations. Systems have been developed to observe single cells in 
dead-end growth channels [5] and larger colonies in monolayer growth areas [6]. For investigation of cell lineage relation-
ships over time, such solutions are problematic due to a continuous loss of daughter cells. No system has been reported that 
allows the investigation of microcolonies on single cell level, starting from one mother cell to larger colonies without losing 
single bacteria cells. Furthermore, most systems are specialized on trapping and cultivation of specific bacteria species, mak-
ing the investigation of various bacteria strains difficult. 

 

 
 

Figure 1: Microfluidic chip system. (A) Chip containing inlets, one gradient generator, 4 parallel trapping arrays and one outlet. The 
chip is sealed with a 170 µm thick glass plate suitable for high-throughput microscopy (B) Design of an array of monolayer cultivation 
chambers. (C) SEM of one cultivation chamber with a central seeding inlet channel. The parallel arranged nutrient channels supply the 
growth chambers through narrow channels with fresh medium. 
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PRINCIPLE 
We present a microfluidic system (Fig. 1A), containing several arrays (Fig. 1B) of monolayer growth chambers (Fig.1C). 

Using common soft lithographic methods, disposable poly(dimethylsiloxane) (PDMS) microfluidic chips were fabricated. To 
manufacture the mould for PDMS casting, a two layer SU8 process was carried out on a silicon wafer. For typical processing 
parameters the reader is referred to the literature [7].  

The chip consists of seeding inlets, for bacteria suspension and growth medium. Monolayer growth chambers are ar-
ranged in 4 lanes with 4 arrays of 10 chambers each (total of 160 chambers per chip) (Fig. 1B). Due to the reactor height of 1 
µm, cell growth is restricted to a monolayer, ideal for time lapse microscopy (Fig. 1C). In addition, the reactor height mini-
mizes bacteria migration which is an unwanted side effect when tracking of cells is desired. After seeding, cells are provided 
with nutrients through the side channels which are connected to the main channels. This allows for diffusive nutrient 
transport without convective flow across the growing microcolony.  

RESULTS AND DISCUSSION 
As a proof of principle, industrially relevant bacterial strains, e.g., G. oxydans, E. coli, and C. glutamicum, were cultured 

on single cell level and high resolution time-lapse microscopy was performed. Figure 2A shows a growing G. oxydans colony 
right after the start of the experiment (Fig. 2A  left), after 7 hours of the experiment (Fig. 2A middle) and after 11 hours of 
cultivation (Fig. 2A right). It can be seen that the colony is not affected by media flow during the cultivation time allowing 
image based single cell tracking and counting. 

 

 
 

Figure 2: Time-lapse images of a growing G. oxydans microcolony in a monolayer growth chamber. (left) Single “mother cell” during 
first division event (middle) Growing colony after several divisions (right) Colony after 11 hours, before the experiment was finished. 

 
Lineage tree investigation was done by semi-automated image analysis using an in-house developed image analysis soft-

ware (cf. Fig. 3B for an overview). In detail, the image sequence obtained by time lapse microscopy was pre-processed to 
align images properly. This was done with a Lukas-Kanade-based alignment algorithm. Cells were identified in each image 
by a local adaptive thresholding procedure in combination with the Watershed segmentation algorithm [8]. After manual 
checking and, if necessary, correcting the segmentation results, cells were identified for tracking and lineage tree reconstruc-
tion. To track cells over the image sequence, relation score matrices for all cells in consecutive images are constructed. A lin-
ear optimization problem is solved to obtain the actual cells’ frame-to-frame correspondence[9]. From this information line-
age trees were generated. In Fig. 3A the lineage tree derived from the G. oxydans microcolony shown in Fig. 2 is depicted. It 
can be seen that this specific strain exhibited a homogeneous division pattern in terms of morphology and individual division 
times. 
 
CONCLUSIONS 

We have described a microfluidic system for lineage tree data generation of bacteria microcolonies. The device incorpo-
rates several monolayer growth chambers, allowing for culturing several colonies in parallel. The results clearly prove that 
the device can be used to investigate various bacteria strains with respect to growth and division behavior as well as the re-
sponse onto various environmental conditions with high-throughput. Using automated time-lapse microscopy and semi-
automated image analysis, lineage tree analysis is performed .The developed system opens up new possibilities for future 
studies on single cell heterogeneity of various bacteria strains.  

This tool will be used in different disciplines, ranging from microbiology to biotechnology and lays the foundation for fu-
ture system biological investigations such as heterogeneity studies of bacterial populations. 
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Figure 3:  Lineage tree generation from microfluidic micro colony growth experiments. (A) Semi-automated image analysis was per-
formed to derive the lineage tree for G. oxydans. (B) Image analysis pipeline: core steps are time-lapse microscopy, image pre-processing, 
cell identification, tracking and lineage tree visualization. 
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ABSTRACT 
This paper describes the preparation of asymmetric cell-sized lipid vesicles from a planar lipid bilayer by using 
pulsed jet flow. First, the cell-sized vesicles (diameter of 5 µm in over 1 day) were stably formed using an improved 
double-well device wherein a separator with a small hole was mounted between the wells (Fig.1). Moreover, 
asymmetric vesicles of phosphatidylserine lipids were successfully formed on each leaflet using this device. The 
asymmetric cell-sized lipid vesicles will create new opportunities for artificial cell research model such as the 
interactions between lipid membranes and proteins. 
 
 
KEYWORDS 
Liposomes, vesicles, jet flow, artificial cells 

 
 

INTRODUCTION 
Giant liposomes or giant vesicles are composed of phospholipid membranes similar to those commonly found in 
living cells. Giant liposome is typically ~10 μm in diameter, which is sufficiently large for observation using an 
optical microscopy [1]. Therefore, such an artificial liposomal system has played an important role in the 
biochemical and biophysical studies such as the interactions of lipid membranes with cytoskeletal proteins, and the 
microencapsulation of gene expression systems [2,3]. It has been considered that an assay based on a single giant 
liposome may help to clarify biochemical properties that can be missed in the analysis of an ensemble of many 
conventional small liposomes [4], and this is known as a single giant liposomes assay. Unsymmetrical membrane 
structures have also been visualized on giant liposome [5], which suggests that they may be useful as platforms for 
the reconstitution of intricate cell membrane functions. Recently, the giant vesicles have also been used in the study 
of membrane proteins function [6]. In the new membrane-protein-integrated giant vesicle method, membrane fusion 
between liposomes and glycoprotein 64 (gp64) displayed on recombinant budded viruses (BVs) of baculovirus 
(Autographa californica nuclear polyhedrosis viruses (AcNPV)) is analyzed under acidic conditions. The human 
nicotinic acetylcholine receptor a-subunit (AChRa) [7,8]; the connexin [9], which forms cellular gap junctions; the 
adrenergic receptor [10]; and cadherin [11] were successfully prepared by using this method. There are two classical 
giant liposome preparation methods: gentle hydration and electroformation. The liposomal morphology and size 
depend on the preparation method that is employed, chemical nature of the lipids, and other conditions (buffer, pH, 
ionic strength, and osmolality). Moreover, the preparation of asymmetric lipid vesicles and the encapsulation of large 
biological molecules into giant vesicles are difficult to perform using the current preparation methods.  
To effectively form uniformly sized giant vesicles and encapsulate biological molecules into giant vesicles, Weitz 
and co-workers transferred a lipid-coated water-in-oil 
(w/o) droplet from an oil phase to an aqueous phase 
[12,13]. The cell-free protein synthesis of Green 
Fluorescent Protein (GFP) into giant vesicles was 
succeeded by this droplet transfer method. Microfluidics 
devices can also be used to prepare giant vesicles 
[14,15]. 
In our previous study, we created giant vesicles by the 
microfluidic-jetting-induced deformation of a planar 
lipid bilayer including an organic solvent [16]. However, 
this method has limitations; for instance, the giant 
vesicle is a W/O/W emulsion having a thin shell of an 
organic solvent. Further, it is unstable and very large 
(over 300 µm in diameter). In the present study, we 
improved double-well device wherein an acrylic 
separator with a small hole, was mounted between the 
wells. Cell-sized vesicles were stably formed using this 
improved double-well device. Moreover, we prepared 
asymmetric lipid vesicles to emulate asymmetric lipid 
leaflets of plasma membrane. 

 
Fig.1 Illustration of cell-sized vesicle formation from 
planar lipid bilayer using pulsed jet flow. 
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EXPERIMENT 
The double-well chamber was fabricated by machining a poly methacrylate (PMMA) plate using an automated 
CAD/CAM modeling machine. Fig.2 shows the preparation process of cell-sized liposomes by pulsed jet flow. A 
planar lipid bilayer membrane was formed in the double-well chamber [17], wherein a thin acrylic film, having a 
small hole, was placed between the chamber wells. To form the planar lipid bilayer membrane, the lipid solution 
(1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and Rhodamine-conjugated DOPE (Rh-DOPE) dissolved in 
n-decane) was added to each well. Next, aqueous solution was added to each well and a bilayer was easily formed. 
Giant vesicles were formed by impinging the pulsed jet flow against the lipid bilayer. The micro jet nozzle was 
fabricated by pulling a 1mm glass capillary tube with a micropipette puller. The capillary tube was bent using a 
microforge to adjust its shape for obtaining an access point near the planar membrane. The pulsed jet flow was 
generated by opening an electromagnetic valve between a glass capillary nozzle and an air compressor (Fig.2). The 
giant vesicles were observed by confocal laser scanning microscopy (LSM). 
 

 

 
RESULTS AND DISCUSSION 
When the jet was applied for 4 ms at 300 kPa, vesicle formation could be observed using a high-speed camera. 
Vesicles of two different sizes were formed by the jet flow. The vesicles with a diameter of over 100 µm 
immediately collapsed in the 500 mM glucose solution. However, the vesicles with the diameter of approximately 5 
µm sank in the 500 mM glucose solution and their shape was maintained. The average diameter of the vesicles 
formed immediately and after 24 h was 4.4 µm (Fig.3a). Thus, stable cell-sized vesicles were produced. To form 
asymmetric vesicles of phosphatidylserine (PS) on the inner or the outer leaflet, we performed annexin V staining by 
performing LSM. The fluorescence of annexin V was detected on cell-sized vesicles containing PS on the outer 
leaflet (Fig.3b,c). Therefore we could form the symmetric cell-sized PS vesicles on each leaflet using this method. 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
Fig. 3 The fluorescence images of DOPC-vesicles formation after 0 h and 24 h (a). Preparation of asymmetric 
vesicles of phosphatidylserine (PS) lipids. The asymmetric droplet of PS lipids was arranged and the asymmetric 
vesicles were prepared using pulsed jet flow. Annexin V binds only to PS. The fluorescence of annexin V was 
detected on vesicles containing PS in the outer leaflet (b). But no fluorescence of annexin V was detected on vesicles 
containing PS in the inner leaflet (c).  

 

Fig. 2 Preparation of cell-sized vesicles using pulsed jet flow. To form planar lipid bilayer membrane, lipid 
solution (DOPC and Rh-DOPE dissolved in n-decane) was added to each well. Next, sucrose in Phosphate buffered 
saline (PBS) buffer was added to the inner phase well, and glucose in PBS was added to the outer phase well. 
Vesicles were formed using pulsed jet flow for 4.0 ms (dispensing time) at 300 kPa (pressure at the dispenser). 
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CONCLUSION 
We produced a device that generates cell-sized giant vesicles in physiological buffer solutions. Furthermore, we 
demonstrated the formation of asymmetric cell-sized lipid vesicles using this method, and could successfully 
emulate the asymmetric lipid leaflets of plasma membrane. These asymmetric cell-sized vesicles that can be used as 
a research tool may create new opportunities for biochemical and biophysical studies. 
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ABSTRACT 
    We proposed a method to easily form a lipid bilayer chamber array for the simultaneous measurement of the 
fluorescent measurement and the electrochemical one. The simultaneous measurement has potential to reveal novel 
membrane protein properties owing to the complementary relationship between the two measurements. In order to 
realize the simultaneous measurement, a following feature is required to the lipid bilayer chambers. The feature is 
that each of the chambers has (i) a lipid bilayer which can be directly observed by microscopes and (ii) an electrode 
for electrochemical measurement. The previous methods to form such lipid bilayer chambers for the simultaneous 
measurement were not suitable for an array system. Here, we propose the method suitable for forming the array 
system to achieve the high-throughput measurement. Our method was realized by combining droplet interface 
bilayer technique and MEMS technology. 
 
KEYWORDS 
Lipid bilayer, Membrane protein, MEMS, Simultaneous measurement, Chamber array.  

 
INTRODUCTION 

An artificial lipid bilayer chamber is an attractive tool for membrane protein analysis because of its purity [1, 2]. 
The previous studies of the artificial lipid bilayer chamber for membrane protein analysis had been divided into two 
directions: one was for fluorescent measurement [3, 4], the other for electrochemical one [5, 6]. Basically, the 
fluorescent measurement is suitable to spatiotemporal analysis of molecule interaction, on the other hand, the 
electrochemical one to exam electrical properties of ion channels. Recently, the two measurements have been 
combined into one device. Such devices can execute a simultaneous measurement of fluorescent imaging and 
electrochemical recording [7, 8]. The simultaneous measurement allows us to combine information of channel 
conformational change and molecular interaction between channels and ligands [9, 10]. By using the measurement, 
therefore, we can directly analyze time transition from attaching effector molecules to passing currents. Thus, the 
simultaneous measurement has potential to demonstrate novel membrane protein characters. However, the 
throughput of the previous systems is still insufficient for the practical application because the previous systems are 
not suitable for forming the array. For example, the previous systems need to locate the electrode for electrochemical 
measurement into a small droplet one by one by using a micro-manipulator [7, 8]. Here, we propose a method to 
easily form the array system leading to the multi-channel simultaneous measurement as a next challenge for 
high-throughput membrane protein analysis. 

  
FABRICATION 

Fig. 1 represents the concept of this study. The key feature is the lipid bilayer chamber array which can execute 
simultaneous measurement of membrane proteins. Our strategies to achieve a suitable technique for the array system 
are follows. (i) Preparing the transparent substrate on which hydrophilic/hydrophobic areas are patterned; (ii) 
Electrodes are patterned as well in advance onto the areas to be inside the chambers; (iii) Lipid bilayers are formed 
by applying the droplet interface bilayer technique using the substrate. 

The device was fabricated by a 
standard photolithography and an 
electrochemical technique. The fabrication 
process is shown in Fig. 2. The process is 
divided into three steps. The first step is for 
patterning of the gold electrodes on the 
substrate (Fig. 2i-iv). The second one is for 
the hydrophilic/hydrophobic patterning of 
the substrate such that the gold electrodes 
are exposed only at the hydrophilic areas 
(Fig. 2v-ix). The third one is fabrication of 
the Ag/AgCl electrodes by chemically 
changing the patterned gold electrodes on 
the substrate (Fig. 2x, xi). 

In the first step, the substrate was 
sonicated in acetone for 5 min and rinsed in 
IPA. ZPN (Zeon, Japan), a negative 
photoresist, was spincoated on the glass 

Figure 1: The concept of this study: The lipid bilayer chamber 
array for the simultaneous measurement. 
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substrate (No. 3 glass, Matsunami, 

Japan) at 3000 rpm. The substrate 

was baked at 90 degrees C for 1.5 

min. ZPN except for the area to 

be a gold electrode pattern was 

exposed to UV light for 5 sec 

with the glass mask. The 

substrate was baked again at 110 

degrees C for 1 min. ZPN was 

etched by NMD for 30-60 sec. 

Gold was deposited by using a 
vacuum evaporator. The substrate 

was sonicated in acetone for 1-2 

min and rinsed in IPA. 

In the second step, 9 wt% of Cytop solution (Asahi glass, Japan) was spincoated at 2000 rpm on the substrate on 

which the gold electrodes were patterned. Aluminum was deposited by using the vacuum evaporator. This aluminum 

layer was the mask during the Cytop etching process. Next, S1818 was spincoated on the substrate at 3000 rpm. The 

substrate was baked at 100 degrees C for 1min. S1818 was exposed to UV light for 7 sec through the glass mask. 

S1818 was etched by NMD for 45 sec. Aluminum was etched by aluminum etchant. Cytop was etched by applying 

oxygen plasma for 30 min under the condition of 50 W and 20 ml by using a plasma etching machine. Finally, S1818 

and aluminum were removed by acetone and aluminum etchant respectively. A cross-sectional profile of the single 

hydrophilic area of the substrate was measured by a stylus profile meter (Dektak 6m, ULVAC, Japan) after the 
second step. In this substrate, the diameter of the hydrophilic circle area was 1 mm and the thickness of the Cytop 

layer was 1 m and the gold layer 200 nm. The dimension of the gold pattern exposed at the hydrophilic area was 

about 200 m by 800 m. 
In the third step, silver was electroplated on the gold electrodes exposed at the hydrophilic area by applying DC 

voltage (1 V, 2-3 min): at that time, the plating solution was 0.3 M AgNO3 in 1 M NH3 aqueous solution and the 

anode was the gold electrode on the substrate and the cathode the gold wire. Finally, the silver is replaced to 

Ag/AgCl by applying DC voltage (1 V, 1 min) in 0.1 M HCl aqueous solution: the cathode was the silver on the 

substrate and the anode the gold wire. 

 

 

METHOD OF LIPID BILAYER CHAMBER FORMATION 

The process of lipid bilayer membrane formation is explained below. The process is composed of three steps: 

droplet pattern formation using the first buffer solution; addition of the lipid solution; and contact of the second 

buffer solution to the first buffer solution.  
In the first step, the first buffer solution was patterned on the substrate by using the hydrophilic/hydrophobic 

patterned substrate. The first buffer solution was pipetted onto the hydrophilic circle areas one by one. The solution 

was easily patterned within the circle areas because the area was surrounded by the hydrophobic area.  

In the second step, the lipid solution was added on the substrate on which the droplets were patterned. The lipid 

solution was organic solvent in which 20 mg/ml of phospholipid was dispersed. After the step, the lipid molecules 

were self-assembled to form the monolayer at the interface between the first buffer solution and the lipid solution.  

In the third step, the substrate after the second step was immersed into the second buffer solution which is poured 

into a petri dish. After the step, the lipid molecules formed the monolayer at the interface between the second buffer 

solution and the lipid solution as well. The second buffer solution pushed the lipid solution, and the first buffer 

solution and the second buffer solution were brought into contact. After that, the layer of the lipid solution got 

thinner and, finally, the lipid bilayer was formed by contact of the monolayers (Fig. 3a). Fig. 3b is a microscopic 

image of the completed lipid bilayer chamber. Figure 3c shows the lipid bilayer chamber array (c-1: bright field 
image, c-2: fluorescent image). Fluorescent molecules contained in the first buffer solution properly remained in the 

chambers. 

 

EXPERIMENT 
By using the substrate and the method of membrane formation, we conducted the electrophysiological 

measurement of a membrane protein as follows. The protein measured by the experiment was -hemolysin. 

-hemolysin monomers can be dissolved in aqueous solution and inserted spontaneously into lipid bilayers: 
heptamers form pores and their diameters are 1.5 nm. 1M KCl aqueous solution was used as the first buffer solution 

and the second buffer solution. In the first buffer solution, 100 nM of -hemolysin was included. The Ag/AgCl 
electrode on the substrate and the Ag/AgCl wire were connected to a patch-clamp amplifier (CEZ2400, Nihon 

Kohden, Japan). After lipid bilayer formation, the Ag/AgCl wire was located in the second buffer solution and 

voltage clamping (50 mV) was applied across the membrane. During the experiment, the substrate was observed by 

using an inverted optical microscope and a CCD camera. 

Figure 2: Fabrication of the device. 
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The fluorescent 

measurement of membrane 

proteins is under way. So far, 

we have conducted Ca2+ 

imaging by using Ca2+ ion 

fluorescent indicator. 

 

RESULT AND DISCUSSION 

The representative result of 

the electrophysiological 

measurements of -hemolysin 
is as follows. The current 
signals were stepwise and each 

step was about 50 pA. The 

value is equivalent to the 

conductance of the pore formed 

by -hemolysin (~1 nS). This 
result indicates that an electrical 

property of -hemolysin was 
successfully measured by the 

device and the method. The 

steps of the current signals less 

than 50 pA (about 40 pA) were also measured. We inferred that those signals were from -hemolysin hexamers. As 
for the fluorescent measurement, we have detected influx of Ca2+ ions from the outside of the chamber to the inside. 

 

CONCLUSION  

We proposed a device that easily forms the lipid bilayer chamber array for the simultaneous measurement of 

membrane proteins. In contrast to the previous methods, our device integrated the electrode for the electrochemical 
measurement onto the chip by using MEMS technology, therefore suitable for the array system. We successfully 

measured the property of the nano-pore membrane protein by the lipid bilayer chamber array. 
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ABSTRACT 

We developed a transdermal continuous glucose monitoring (CGM) system that consists of an implanted 
fluorescent-hydrogel fiber and a wearable photo-detector. While we showed the potential of the fluorescent-hydrogel 
fibers for applying to CGM in our previous study, we are still on the way to realize “true” CGM system. In our CGM 
system, the wearable detector reads the fluorescent signals through skin layers. The fluorescence signals showed a good 
correlation with the blood glucose concentrations measured by a conventional method. Therefore, our system has the 
great potential for a practically usable device to realize a CGM. 
 
KEYWORDS 
implantable glucose sensor, glucose-responsive fluorescence, wearable detection system, diabetes mellitus 

 
INTRODUCTION 

Diabetes is a global pandemic affecting over 366 million people in 2011 and this number is going to increase to 552 
million within 20 years [1]. Diabetes causes several complications like cerebral vascular disturbance, retinopathy and 
nephropathy. To prevent these diabetic complications, diabetic patients need measuring blood glucose concentration and 
injecting insulin according to the measured blood glucose value [2]. Finger tip prick method and CGM system with 
enzyme-tipped catheters are well-known methods to measure and control blood glucose concentration. Although these 
methods are accepted by a lot of diabetic patients or medical fields, pricking finger tip is invasive and semi-implantable 
sensors for CGM have a risk of infection [3]. To overcome these problems, we proposed the fully implantable glucose 
sensor that maintains its function for 140 days in our previous study [4-6]. However, we have yet to realize a “true” CGM 
system mainly due to the lack of a light-weight, wearable detecting system and signal calibration with blood glucose 
concentrations.  

In this paper, we propose a transdermal CGM system with implantable fluorescent-hydrogel fibers and wearable 
photo detectors (Fig.1). We created the detection device for implantable fluorescent-hydrogel fibers. Our device consists 
of two main parts: The first part is the detection device that consists of a light emitting diode (LED), a photo diode (PD) 
and an electrical circuit. Using the detection device, the fluorescent signals are automatically measured thorough skin 
layers. The second part is a microcontroller to control the detection device and communicate with computer-based, 
control software in MATLAB. We set this device to the rat’s ear with the implanted fiber to read out fluorescence 
intensity. Therefore, our system is promising for the “true” transdermal CGM system. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 (a) Conceptual view of the continuous glucose monitoring system using glucose-responsive fluorescent hydrogel 
fiber implanted to rat’s ear. UV LED is used as excitation light and fluorescence intensity is detected by a photo diode 
(PD). These two parts nip the fluorescent fiber under the skin. (b) Image of rat wearing the photo-detector. 
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Wearable photo-detector 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1603



MATERIALS ANS MEDOTHS 
Fabrication process of fluorescent hydrogel fiber 

We prepared the pre-gel solution containing 15 wt%  acrylamide (AAm), 0.3 wt% N, N’-methylene bis (acrylamide) 
(Bis-AAm), 5 wt% polyethylene glycol (PEG), 0.9 wt% sodium peroxo disulphate (SPS) and N,N,N’,N’-tetramethyl 
ethylene diamine (TEMED). Pre-gel solution was polymerized in a silicone rubber (Fig.2a). After gelation, the hydrogel 
fibers were washed with large amount of water for over 48 h to remove unpolymerized PEG and AAm monomers. A rat 
(Slc:SD) was in a deep sleep under anesthesia during surgery. We inserted the indwelling needle from the base to the tip 
of rat’s ear to make space for the hydrogel fiber. The hydrogel fiber was implanted under the skin through the external 
cylinder. The fluorescence intensity is visible through skin layers (Fig. 2b). 

 
 
 

  
 
 
 
 
 
 
 
 
 
 
Fig.2 (a) Fabrication process of box-shaped fluorescent hydrogel fiber. (b) Images of the implanted fluorescent-hydrogel 
fiber in rat’s ear. Fluorescence intensity is visible through skin layers.  
 
Transdermal continuous glucose monitoring system 

The detection device is composed of a commercial photodiode (PD, Hamamatsu Photonics, G6262) and a LED 
(BIVAR, 405 nm) as a fluorescent detector and an excitation light source, respectively, and covered by a housing 
fabricated by stereolithography (Fig.3a). The detection device has a clipping mechanism to hold on the ear of a rat 
implanted the fluorescence hydrogel-fiber between a PD and a LED (Fig.3b, c). The attached detection device 
transdermally reads fluorescent signals from the implanted fiber. Photodiode was connected to the amplification circuit 
and analog digital conversion was conducted on the microcontroller (Switch Science, Arduino Fio). The microcontroller 
communicates with the software written in MATLAB. The detection device is software-controlled through 
microcontroller to provide pulsed excitation light and read fluorescent signals. Measured fluorescence intensities are sent 
to the software and recoded on the PC. 
  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 (a) Images of measurement devices clipping the ear implanted the fluorescent hydrogel fiber. Implanted hydrogel to 
the ear of a rat is placed between a PD and a LED. (b) Open state of the detection device. (c) Closed state of the detection 
device. 
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Results 

We conducted the in vivo glucose fluctuation test to evaluate the transdermal, continuous monitoring performance of 

our system. In the glucose fluctuation test, we applied 50% glucose liquid or 0.25% insulin to abdominal cavity to 

increase or decrease blood glucose concentration (Fig.4). Blood glucose concentration was measured by commercial 

blood glucose meter (AccuChek, Roche) every 5 min as a reference blood glucose concentration. The fluorescence 

intensity measured by the system successfully tracked the fluctuation of reference blood glucose concentrations. 

Therefore, our system shows the potential for practical, “true”, continuous glucose monitoring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Results of the in vivo glucose fluctuation test with our analysis system. Fluorescence intensities showed good 

correlation with the measured blood glucose concentrations. 
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ABSTRACT 
We report the development of a microfluidic platform for continuous flow PCR using an infrared-mediated heating 

system having the potential to provide rapid, accurate, and high-throughput genomic analysis.  A single halogen lamp at 
constant power was used to rapidly establish a thermal gradient, creating distinct PCR zones on a plastic microchip.  As 
the sample flowed through the microdevice, it passed through these zones, undergoing thermal cycling.  Results show an 
increase in PCR product yield with each subsequent fraction as the surface becomes passivated.  This simple IR-heating 
system allowed for the amplification of target DNA in approximately 40 minutes. 

 
KEYWORDS: Infrared-mediated PCR, Continuous Flow PCR, High-throughput Genomic Analysis, Molecular 
Diagnostics  

 
INTRODUCTION  

Since the introduction of cf-PCR in 1998 [1], many research groups have studied cf-PCR using different designs, 
heating systems, and microchip materials (frequently aided by computer-aided thermal simulations) [2].  Most commonly, 
three distinct resistive heaters, heat blocks or rods are used to create temperature zones and the sample is moved into and 
out of each zone, undergoing thermal cycling.  Alternatively, a single heat block or heat source [3] has been used to 
conduct cf-PCR through a naturally established thermal gradient, minimizing the number of thermal measurement and 
control systems required. 

 
THEORY 

Over the past decade, an infrared-mediated heating system has been developed in our group to facilitate non-contact 
PCR inside glass and polymeric microfluidic devices [4, 5].  However, as a stationary PCR format, the number of 
simultaneous PCR reactions per microdevice has been limited to 
seven samples [6] due to footprint limitations of the microfluidic 
architecture.  In order to increase sample throughput using the IR-
mediated heating system, we believed that continuous illumination of 
the lamp would establish a thermal gradient from the focal spot 
outward (Figure 1), allowing for cf-PCR in microfluidic devices by 
flowing the sample towards and away from the focal spot.  For even 
heat distribution throughout the microdevice and stable temperature 
holds, a circular, 29-loop poly(methyl-methacrylate) (PMMA) 
microdevice was developed. 

 
EXPERIMENTAL 

The cfIR-PCR system was adapted from our existing IR-
mediated heating systems normally used for stationary PCR.  The 
microfluidic device was constructed with a round border that fit 
snugly into a manifold, ensuring that the microfluidic device was 
centered over the halogen lamp.  The temperature of the inner zone of 
the microfluidic device was PID controlled to maintain temperature 
between 95–97 ˚C via a miniature thermocouple inserted in a 
reference microchamber.  Three-layer microchips were fabricated in 
PMMA using a CO2 laser ablation system (VersaLaser3.5, Universal 
Laser Systems, Inc.).  The fluidic architecture was defined by 
cutting-through 0.2 mm PMMA and bonding this layer between two 
1.5 mm pieces of PMMA.  The 1.5 mm PMMA was chosen for the 
top and bottom layers for greater heat capacity (versus thinner 
PMMA), which is predicted to generate a more linear and gradual 
thermal gradient.  The PCR reaction mixture consisted of 3 mM MgCl2, 1X PCR buffer, 0.2 mM dNTPs, 4 µM primers 
for a 520 bp fragment of -phage DNA, 0.2 U/µL Taq polymerase, 0.25 µg/µL BSA, and 21.8 ng/µL  DNA were 
infused into the microfluidic devices via syringe-drive flow (Aladdin-1000, World Precision Instruments) at 1.5 µL/min.  
Post-PCR samples were collected as 15 µL aliquots at the device outlet to show a time-course of DNA amplification.  

Figure 1:  Apparatus for IR-mediated cf-PCR.  
Infrared heating system consists of a halogen 
lamp, controlled by an in-house LabVIEW 
program. Inset: the cfIR-PCR microchip is 
centered above the halogen bulb on an 
adjustable stage. 
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PCR products were separated and detected using a Bioanalyzer 2100 (Agilent), a commercially-available microchip 

electrophoresis instrument. 

 

RESULTS AND DISCUSSION 

The spatial thermal gradient, generated by the IR lamp, of the whole microchip at a steady state was visualized using 

an IR-camera (FLIRi50) (Figure 2A) and a temperature measurement microchip, containing rows of 6 microchambers 

extending radially from the center in 8 directions, was fabricated (Figure 2B).  A total of 48 microchambers were 

monitored simultaneously to map the temperatures at different distances from the center of the lamp.  A 3D bar graph 

was generated from the temperatures 

recorded and shows that the 

temperature in the gradient ranges 

from ~95 °C at 15 mm from the 

center down to ~57 °C at 25 mm 

from the center (Figure 2C).  These 

values were averaged to determine 

boundaries for each of the three 

zones required for PCR.  It was 

determined that the slope of the 

thermal gradient was ~4˚C/mm, 

defining the denaturation zone from 

15-17.5 mm, the extension zone 

from 17.5-22.5 mm, and the 

annealing zone from 22.5-25 mm 

(Figure 2D). 

From this information, a circular 

continuous flow PMMA PCR 

microdevice was designed around 

this 2D temperature gradient and has 

29 loops, consisting of three 

chambers for each of the three 

temperature zones (Figure 3A & B).  

Chamber volumes in each loop, 

which represents one PCR cycle, 

were adjusted by changing the 

microchannel dimensions, creating 

wider regions for slower flow.  The 

ratio of volumes of the three zones 

was adjusted to a 1:2:2 ratio for the 

denature, anneal, and extension 

zones, respectively, and the volumes were calculated to be 0.26 µL: 0.5 µL: 0.5 µL) (Figure 3C).  Dwell times of the 

sample in each of these zones was estimated to be proportional to these volumes and is a function of the flow rate (e.g., 

when flowing at 1.5 µL/min the dwell times were calculated to be 10 sec:20 sec:20 sec for denaturation, annealing, and 

extension zones, respectively).  The actual dwell times for each zone were measured by timing the migration of a dye 

plug infused through the microdevice via a syringe pump set to 1.5 µL/min and were determined to be 9.2 ± 1.1 seconds: 

20.8 ± 0.5 seconds:20.7 ±  0.5 seconds.  The dwell times can be adjusted by modulating the flow rate of the sample, 

varying the overall PCR cycling time.  Furthermore, by designing different microfluidic architectures through the thermal 

gradient determined above, a range of annealing temperatures are achievable by moving the annealing zone chambers 

closer or further from the center of the microfluidic device. 

Finally, PCR reagents for amplification of a 520 bp segment of λ-phage DNA were flowed through the cfIR-PCR 

microdevice and 15 µL fractions were collected at the outlet.  Successful amplification of the fragment was achieved as 

evidenced by the presence of the target PCR product (Figure 3D).  Interestingly, there was no evidence of PCR product 

in the first four fractions, however, starting with fraction 5, increasing amounts of PCR product were present in each 

subsequent fraction.  This suggests that as PCR reagents flowed through microchannels for cfIR-PCR, the polymerase 

and/or BSA accumulated on the microchannel walls, passivating the surface and allowing for increased amounts of PCR 

product as the surface became more and more passivated.  Future work involves the development of a pre-PCR 

passivation technique to prevent loss of valuable PCR reagents to the walls of the microchannels and ensure the recovery 

of PCR product in the first fraction. 

 

CONCLUSION 

In this study, we report the first approach of continuous flow PCR on a microfluidic device using a non-contact IR-

mediated heating system at constant lamp power.  This cfIR-PCR system was shown to be capable of generating 

increasing amounts of PCR product as the extent of surface passivation increased.  Future studies will focus on PCR 

Figure 2:  Temperature measurement (TM) microchip and temperature 

distribution.  A) Thermal image of the TM microchip taken with an IR-camera 

while heating.  B) Photograph of the TM microchip.  C) 3D bar graph 

showing the time-averaged temperature (i.e., steady state) in each chamber of 

the TM microchip.  D) Plot showing the distance from the center of the 

microchip versus the temperature, defining the functional zones for each of the 

three steps required for PCR. 
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device passivation and heat transfer studies between the microdevice and flowing PCR mixtures.  Importantly, this 

simple approach could be used for high-throughput, segmented-flow applications such as digital, droplet PCR and/or 

single cell analysis.  
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Figure 3:  Configuration of and results obtained from the cfIR-PCR microchip A) Schematic of the cfIR-PCR 

microchip showing the loops for thermal cycling.  B) Photograph of the cfIR-PCR microchip highlighting the location 

of the denature (red), extension (yellow), and anneal (blue) zones.  Channels are filled with red dye for contrast.  C) 

Close-up view of two of  the 29 loops, corresponding to PCR cycles.  D) Overlaid electropherograms of λ-phage PCR 

product, amplified in the cfIR-PCR microdevice.  The first four fractions collected did not contain detectable product. 

D. 
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ABSTRACT 
Caenorhabditis elegans is a well-established model organism for neurobiology research. Neuronal circuitry of the 

worm and its correlation with behavioral responses has been investigated in significant detail. C. elegans responds to a 

variety of stimuli (chemical, mechanical, thermal) which has been studied by imaging the neuronal transient signals 

following stimulations. Electrically-induced neuro-behavioral response (electrotaxis) of C .elegans has not been studied 

in detail. Here, we describe the use of two microchips to study pulse DC electrotaxis of C. elegans at both behavioral and 

neuronal levels with correlations between the neuronal activity and the movement of the animal in the microchannel.     

 

KEYWORDS 
Caenorhabditis elegans, microfluidic, electrotaxis, neuron transient response, FRET, imaging, pulse DC  

 

INTRODUCTION 
Understanding fundamental biology of organisms, systems and disease processes is critical for tackling human health 

challenges and to enhance the quality of life. Live organisms or systems such as mammalian cells and whole-animals 

have been utilized to study conserved biological processes. Among several potential animal models, C. elegans [1] is 

attractive in biological and neurological research due to several reasons. It reaches a relatively small size (~1 mm long 

and ~50 µm thick) at a fully developed adulthood age and has a transparent body that allows observation of biological 

processes in live condition at single cell resolution. Combination of such benefits with the completely sequenced genome 

and simple mapped cellular system has made C. elegans an ideal model for performing biological assays both to 
understand human diseases as well as in drug discovery [2-3]. Behavioral analysis of worms can provide valuable 

information in these assays. 

C. elegans sinusoidal movement behavior is one of the most important phenotypes that can provide valuable 

information about the neuromuscular state and capacity of the animal. Speed, turning time as well as the frequency of its 

body bending provides quantitative information of its movement. C. elegans locomotion is controlled by several neurons 

and their connections to body wall muscles. These include amphid neurons that sense a wide variety of external stimuli 

by activating specific pathways. These signaling pathways have been investigated through physical probing of neurons 

[4] as well as calcium transient imaging of intact animals in vivo [5-7] by using Föster resonance energy transfer (FRET). 

Although these methods have been used to investigate worms’ chemo-, thermo- and mechano-sensation mechanisms, 

electric signal sensing has not been studied in great detail in worms.  

We have demonstrated that nematodes respond to electric signals (DC and AC) by moving towards the negative pole 

in a stereotypic manner [8-9]. Recently, FRET imaging was used in a microdevice to study the worms’ neuronal 
responses to DC electric currents [7]. However, electrotactic behavioral responses have not been correlated with neuron 

signaling. Recently, we introduced pulse DC electrotaxis of nematodes as a method to generate a variable turning 

response in worms with modulation in the applied pulse duty cycle and frequency [10]. In this paper, we have employed 

this technique along with FRET to correlate animals’ behavioral responses to neuronal activities at various electric field 

conditions. 

 
EXPERIMENTAL 

The experimental setup used in this study is illustrated in Fig. 1a. It consisted of a function generator to produce the 

pulse DC signal (square pulses with a set amplitude, repetition frequency and duty cycle). The signal was amplified and 
applied through electrodes along the length of the microchannel. We have developed two devices, both made of PDMS 

by soft lithography, one for performing behavioral studies (Fig. 1b, behavioral chip) and the other for immobilizing and 

FRET imaging (Fig. 1c, neuronal chip) of the ASH amphid sensory neuron (one of the neurons mediating electrotaxis 

[11]). The worms’ responses to pulse DC electric fields (3V/cm) of various duty cycles (10-90%) and frequencies (1-

1000Hz) were studied. 

Behavioral assay: This assay has been described previously [10]. Briefly, individual worms were loaded into the 

behavioral chip and positioned at the center. A pulse DC electric field with desired duty cycle and frequency was applied 

across the channel and animal’s electrotaxis behavior was recorded in a video format. After animal’s electrotaxis towards 

the cathode for 3 mm, the pulse DC signal direction was reversed and the time taken by the worm to perform a turn was 

measured and plotted from the video recording. 

Neuronal assay: To evaluate the response of the ASH neuron, we adopted a FRET imaging method described earlier [7]. 
The strain carrying ASH-specific TNXL calcium sensor was obtained from the Chronis lab [7] and constituted of cyan 
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(CFP) and yellow (YFP) fluorescent proteins. Through binding with calcium ion flux due to neuronal activities, the 

calcium-specific sensor undergoes conformational changes that bring the two fluorescent proteins together at the scale of 

a few nanometers. Through dipole-dipole interactions between the two proteins, the energy is transferred non-radiatively 

from the donor (CFP) to the adjacent acceptor (YFP). 

For this assay, a worm was immobilized pneumatically in the neuronal chip (Fig.1c) and imaged using FRET (under a 

dual-channel fluorescent microscope). Unlike the previous work [7], we applied defined voltage signals instead of 
current. After 5 seconds with no electric field, pulse DC electric field (50% duty cycle) was applied in the head-to-tail 

direction, while recording the FRET signal. Simultaneous CFP and YFP images were acquired, light intensities were 

extracted by post-processing the image using ImageJ software, and YFP/CFP ratio was obtained, which correlates to 

calcium flux from neuronal activities. 

 
Figure 1: Experimental setup (a) and microfluidic devices for (b) behavioral studies and (c) immobilization and FRET 

neuronal imaging of C. elegans in response to pulse DC electric fields (3V/cm, 50% duty cycle) of various frequencies 

(f=1, 5, 10, 50, 100, and 1000Hz). (a) Channel size: 50mm-long, 0.3mm-wide, 0.1mm-deep, (b) side sections were 0.3mm 

wide and 0.1mm deep, immobilization section gradually narrowed down from 0.3mm to 0.02mm with a depth of 0.04mm 

(fabricated in 2 photolithography steps) 

RESULTS 
In the behavioral assay, worms (n=10-16 young adults for each frequency) were loaded individually into the channel 

(Fig. 1b) and exposed to the pulse DC electric field of interest as discussed in the Experimental section. Response of 

worms was found to be dependent on the frequency and duty cycle of the stimulus. Responding worms travelled towards 

the cathode similar to a DC electrotaxis behavior [8-9] while non-responders (not sensing specific pulse DC conditions) 

remained stationary or had random movement in the channel. For the responding worms, electrode polarity was reversed 

after 3 mm of travel and the time taken by worms to reverse their direction of motion was measured (Fig. 2). It was 

observed that worms responded faster to higher duty cycles at a fixed frequency. Interestingly, changing the frequency 

from 1 Hz to 5 Hz (at a fixed duty cycle) also resulted in an increased latency in turning response time. Subsequent 
increase in frequency beyond 5 Hz resulted in reduced latency and a fast turning response. Since electrotaxis is governed 

by neuronal signaling, we investigated the neuronal transient responses using FRET imaging. 

 
Figure 2. Behavioral response of the worm to pulse DC under various frequencies and duty cycles. Average reversal 

response time of young adults (n=10-16 worms at each frequency) to a change in the direction of the pulse DC electric 

fields of various frequencies and duty cycles. 

The ASH neuron is one of the neurons that is involved in mediating electrotaxis behavior in C. elegans. The worms 

expressing TNXL sensor in ASH (n=14 young adult) were immobilized in the neuronal chip (Fig. 1c) and Ca
+2 

transients under exposure to pulse DC electric fields of various frequencies was studied. After the animal was 

immobilized, FRET images were acquired for 30 s (Fig. 3), the first 5 s with no electric stimulus and the rest with the 

application of a pulse DC signal at one of the frequency levels of 1, 5, 100 or 1000 Hz. It was observed that the FRET 

ratio (which indicates the presence of Ca
+2 ions and activation of the neuron) was approximately zero for the first 5 s. 

Application of a signal resulted in a rapid increase in the FRET ratio in 5-10 s followed by a gradual decline which was 

on average different for various frequency levels. Fig. 3 shows that the FRET ratio change following the stimulus 

exposure was the lowest at f=5Hz compared to other frequencies on average indicating that the neurons are not robustly 
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activated at that frequency. This results support our electrotaxis behavioral data in Fig. 2, showing that worms have 

slowest turning response at f=5Hz followed by 1, 100 and 1000 Hz.  

 
Figure 3. FRET ratio change in young adults (n=14) in response to pulse DC electric fields of various frequencies at 

50% duty cycle (data from 2 independent trials). 

CONCLUSION 
These results show that our electrotactic behavioral and correlating neuronal assays can be used to investigate 

neuronal signaling in a quantitative manner. This is the first demonstration of transient electrotactic behavioral studies 

correlated with neuronal signaling. Our methods can be used for more elaborate studies of C. elegans’ neuronal circuitry 

and development. These findings demonstrate that ASH neuron is required for sensing the direction of the electric field. 

Furthermore, our work suggests that the electrosensory response of ASH, and possibly other electric field-sensing 

amphid neurons, requires roughly 100ms processing time (based on 5Hz frequency at 50% duty cycle). Electric-field 

based microfluidic devices are well amenable to parallelization and higher throughput analysis and therefore more suited 

for future biological assays on worms. 
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ABSTRACT 
    We demonstrate multiplexed drug screening with a single pipetting of various drug-laden encoded 
microparticles. The encoded drug-laden hydrogels are drug absorbed photopolymerized microparticles with 
individual codes corresponding to drugs inside. Using ‘partipetting’ method, which is a single pipetting and 
assembly of various encoded drug-laden microparticles into microwell platform, we first analyzed drug absorption 
and release characteristics of drug-laden encoded microparticles using fluorescent dye.  Then, we tested 8-plex drug 
screening in microwell platform with U2OS cancer cells and 8 different anti-cancer drugs. Since our method allows 
handling one hundred thousand different chemicals in one chip with a single input, we expect possibility in 
high-throughput drug screening of million different drugs.  
 
KEYWORDS 
Drug screening, Microwells, Drug-laden microparticles, Encoded particles 

 
INTRODUCTION 

In drug screening, more than one hundred thousand different chemicals in a compound library are handled to 
determine a final drug candidate.  Conventional microtiter plates such as 96- or 384-well plates require a lot of 
pipetting events to test various drugs.  For example, if we want to deal with 100k different chemicals, it requires 
100k different pipetting events. Previously, we developed a novel bioassay method named ‘partipetting’(Fig. 1) 
using encoded drug-laden microparticles to reduce pipetting times for drug screening [1]. It is the combined word of 
‘particles’ and ‘pipetting,’ thus ‘partipetting’ means pipetting particles into the assay platform.  By a single 
pipietting of drug-laden particles, we easily fabricate screening platform with millions of drug particles. It reduces 
repetition of drug introduction into the platform and enables high-throughput drug screening. As applications of 
partipetting technique, we demonstrate multiplexed drug screening using cancer cells and anti-cancer drugs.  
 
EXPERIMENT 

First, to figure out the release characteristics of molecules in our assay platform for drug screening, we observed 
fluorescent dye (Rhodamine B) diffusion from hydrogels to buffer media in microwells.  

 

 
Figure 1 Concept of partipetting (a) Drug-laden encoded microparticles (DEP). Each code represents a type of 

absorbed drug in the hydrogel matrix (b) A single pipetting of various DEP to the microwell platform (partipetting = 
particles + pipetting) (c) Partipetting of fluorescent microbeads (d) Drug absorption into hydrogel matrix and 

diffusion from DEP (e) Partipetting based drug release  
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Figure 2(a) shows 10 different concentrations of Rho B absorbed encoded microparticles. All the microparticles 
with various Rho B concentrations are partipetted to the particle chip, and each hydrogel is assembled one by one in 
a single well with the assembly yield of 88% (Fig. 2(b)-(c)).  

 
Figure 2 Rhodamine B-laden encoded particles (REP) for the analysis of diffusional drug release in 

partipetting-based assay platform (a) REP of 10 different codes (b) Inter-particle variation by fluorescent intensity of 
5 different concentrations of REP (c) Partipetted 10 different concentrations of REP in microwell platform (d) 
Fluorescent image of partipetted REP in (c) (e) Fluorescent intensities of REP with 5 different concentrations 

 
For the characterization of Rho B release dynamics, we prepared PBS filled reaction chip as another PDMS 

microwells.  The reaction chip and the particle chip are assembled by sandwiching face to face [1-2], thus the 
absorbed dye in microparticles is released and mixed with PBS in microwells (Fig. 3(a)). Figure 3(c) shows the 
fluorescent variations according to the released Rho B with each different concentration from original hydrogels to 
PBS filled microwells.  

 
Figure 3 Diffusional drug release in a large area (a) Assembled particle chip and reaction chip. From REP, Rho B 

is diffused out to PBS in reaction chip. (b) 5 concentrations of released Rho B (c) Reaction chip with 5 
concentrations of Rho B dissolved PBS after diffusional Rho B release (d) Fluorescent intensities of 5 different 

concentrations of released Rho B to PBS in reaction chip 
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The release dynamics of fluorescent dye in microwells is also characterized.  The fluorescence of each Rho B 
reacted PBS has been measured and relative intensity has been plotted to characterize diffusional release rate based 
on the absorbed concentrations of fluorescent dyes (Fig. 3(d)). 

Based on this release dynamics, we applied partipetting method to multiplexed drug screening. Fig. 4 shows 
8-plex screening results using U2OS cancer cells and 8 different anti-cancer drugs.  As shown in Fig. 4(d), 
partipetting based screening results are compatible to conventional screening results in microtiter plates.  

 
Figure 4. 8-plex drug screening (a) Absorbed and released concentrations of anti-cancer drugs (b) Microscope 

image of anti-cancer drugs reacted cells in a single microwell. Green fluorescence is cells with undergoing apoptosis 
(c) 8 anti-cancer drugs reacted U2OS cancer cells in microwells (d) Cell viability of 8-plex drug screening by 

partipetting 
 

Partipetting is an innovative technique to provide efficient bioassay platform applying to high-throughput 
multiplexed drug screening. We envision it will give important flexibility in multiplexed drug screening.  
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ABSTRACT 
    We report the biomechanical characterization of a -DNA bundle exposed to a therapeutic radiation beam by 
Silicon Nanotweezers. The device endures the harsh environment of radiation beams and still retains molecular-level 
accuracy. This result paves the way for both fundamental and clinical studies of DNA degradation mechanisms under 
ionizing radiation for improved tumor treatment.  
 
KEYWORDS 
Silicon Nano tweezers, Radiation therapy, Molecular manipulation, DNA characterization 

 
INTRODUCTION 

 Tumor cell killing by -ray beams in cancer radiotherapy is currently based on a rather empirical understanding 
of the basic mechanisms and effectiveness of DNA damage by radiation [1]. On the other hand, the mechanical 
behavior of DNA, e.g., sequence–sensitivity, elastic vs. plastic response, is well understood [2]. However, 
manipulations are usually performed by AFM or optical tweezers, instruments that can hardly be placed and operate 
under radiation beams. 

 
 

EXPERIMENT 
The Silicon Nano Tweezers (SNT) is a MEMS device for direct manipulation of biomolecules [3], an excellent 

candidate for in-beam operation thanks to its tiny size. The SNT (Fig.1) comprise two parallel arms ending with 
sharp tips, designed to trap molecules by dielectrophoresis. The mobile arm is displaced by an electrostatic actuator. 
The motion is acquired by a position sensor, thus the mechanical characteristic of the trapped molecules (stiffness, 
viscosity) are measured in real time. 

 

 
      Figure 1: Silicon Nanotweezers, close-up view on a trap DNA bundle. Equivalent damped Oscillator model. 
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The experiments are performed with a Cyberknife, a LINAC accelerator mounted on a robot arm, at the 

Department of Radiation Therapy of Centre Oscar Lambret (fig. 2). The SNT is placed under the Cyberknife head, 

(fig.2a). The collimated beam, delivering an intense 6 MeV photon flux, completely encompasses the SNT holding 

the DNA bundle. The electronics is put 1.5 m away from the beam. 

 

 
(a)                                  (b)                     (c) 

Figure 2: (a) CyberKnife machine in Centre Oscar Lambret, Lille, France used for the experiments. (b) 

Experimental set-up. The SNT is under the radiation beam generated by the CyberKnife head. (c) Picture of the SNT 

showing the grounded connection to the lock-in amplifier (not shown). 

 

The frequency responses of the SNT, before, during and after the irradiation are plotted in Fig. 3(a). The curves 

perfectly superposed, revealing whole of the SNT, its silicon material, and the electronic connections, are perfectly 

resistant to the radiation dose. The second test reveals the stability of the SNT resonance. Once the SNT is locked to 

its own resonant frequency, the LINAC radiation beam is turned on for 200 s (total dose 10 Gy). The resonant 

frequency (FR) and associated peak values are recorded and plotted in Fig. 3(b). The noise levels are not significantly 

modified under irradiation, thus molecular-level accuracy is kept for mechanical measurement (threshold: 10 

ds-DNA). 

The first measurement of dried DNA-bundle damage under Cyber-Knife irradiation was carried out. A thin DNA 

bundle was trapped [4] and placed under the photon beam, and irradiated. The SNT FR and Q factors are recorded in 

real time. The FR decrease (reduced stiffness) and Q increase (reduced viscosity) show the damages of the DNA 

(insert of Fig.4). The evolution of the DNA stiffness, calculated from the oscillator model(fig.1b) shows a first order 

kinetics of the DNA degradation. 

 

 
Figure 3: (a) Frequencies response of bare SNT. (b) Locked resonance frequencies and associated peak values 

during the irradiation 
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Figure 4: Mechanical characterization of the bundle damage in air during irradiation (total 100Gy with 4 ms 

pulses at 300 Hz, dose-rate of 8 Gy/min). Decrease of the bundle stiffness KDNA with time and kinetics extraction. 

Insert: Measured SNT Response resonance frequencies and Q factor. 

 

RESULTS 

Silicon Nanotweezers operation under therapeutic irradiation and direct detection of DNA damage under -ray 

beam was first demonstrated. Coupled with microfluidics, this new capability permits to study the mechanics of 

DNA damage under ionizing beams for optimized tumor treatment. 
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ABSTRACT 
    We describe an on-chip firefly bioluminescence (BL) assay in a three-dimensional microfluidic platform.  In 
the assay, firefly luciferase was immobilized in a perforated well chip placed between two poly(dimethylsiloxane) 
(PDMS) microchannel chips.  Then, BL reaction in each well was successively carried out by filling the channels 
with substrate solutions containing adenosine 5’-triphosphate (ATP) and luciferin.  Based on the BL intensity 
obtained by a charge-coupled device, ATP was detected as low as sub-fmol level in this format.  Finally, by using 
reaction mixtures of kinase instead of ATP, the on-chip format was applied to the simultaneous BL assay of kinases. 
 
KEYWORDS 
Bioluminescence, ATP, Kinase, Three-dimensional microfluidics, High-throughput assay  
 
INTRODUCTION 
    The firefly BL reaction (Scheme 1) has been widely used for the determination of ATP and luciferase due to its 
high sensitivity and specificity. [1]  Since there is no necessity of a light source in the BL-based assay, it is one of 
the most promising methods for microscale analytical systems.  The BL is emitted in the reaction of oxidative 
decarboxylation of D-luciferin catalyzed by luciferase in the presence of ATP, Mg2+, and molecular oxygen. [2]  
The BL method can be applied to the estimation of cell number, because all living cells containing ATP as an energy 

source in the same concentration level.  Based on this fact, the detection of microbial contamination is carried out 
by the BL method for hygiene purposes in food and medical fields. [3]  The BL-based ATP assay is also applicable 
to measurement of ATP-dependent enzymes, such as a series of kinases. [4]  They play a key role in cellular 
processes by involving in signal transduction and metabolic pathways.  More than 500 different kinases were found 
in human genome, but only a fraction has been characterized. [5]  Thus, there is a great need for measuring each 
kinase activity with high-throughput methods for understanding of their association with human diseases and for 
drug discovery. 
    We have previously reported a microchip-based BL assay format in which a chip assembly consists of a well 
array chip with five-by-five perforated microwells placed between two channel chips with five microchannels was 
used. [6, 7]  It enables a simultaneous assay of several samples using several analytical reagents introduced into and 
immobilized in a three-dimensional microfluidic network 
constructed in the chip assembly as shown in Fig. 1.  The 
on-chip format was successfully applied to SOS-based 
whole-cell genotoxicity assay using sensing bacteria expressing 
Luc as a reporter enzyme. [8] 
    In this study, we applied BL reaction catalyzed by Luc to 
the on-chip format for the assay of ATP and ATP-dependent 
enzymes.  In the assay, Luc, one of the analytical reagents, 
was immobilized in the well chip by gelation of mixture of Luc 
and agarose loaded from the reagent injection port into the wells.  
To retain Luc in agarose gel without leakage, we first tested 
three types of Luc with different sizes.  Then, ATP assay was 
carried out by filling the channels with substrate solutions 
containing various concentrations of ATP and luciferin.  
Moreover, the proposed method was applied to the 
measurement of three ATP-dependent kinases, creatine, acetate, 
and pyruvate kinases (CK, AK, PK). 
 
 
EXPERIMENTAL 
    In this study, three types of Luc with different size were used.  Normal Luc (Lucf) was obtained from Promega.  
Glutathione S-transferase-fused Luc (GST-Lucf) was expressed in genetically engineered Escherichia coli and 
purified by using glutathione Sepharose 4B (GE Healthcare) column.  Bead-bound GST-Luc (GST-Lucb) was 
prepared by using glutathione Sepharose 4B beads.  A perforated five-by-five well array chip was fabricated by 

Fig. 1.  Schematic of the on-chip assay system. 
 

Luciferin + ATP + O2
Luciferase,  Mg2+

! "!!!!!!!
                                     oxyluciferin + AMP + PPi + CO2 + light

Scheme 1.  Firefly bioluminescence reaction. 
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photolithography and wet-etching using a silicon substrate with a thickness of 625 !m, and two microfluidic 
five-channel chips were made by softlithography from PDMS as reported previously.  Each well has a size of 700 x 
700 !m2, and each channel of 700-!m width and 200-!m depth.  One of the channel chips was first sealed on the 
well chip.  Mixed solution of Luc and agarose was then loaded from each reagent injection port into the channels 
and the wells, and was allowed to stand at 4˚C for gelation.  Another channel chip was sealed on the well chip, 
followed by filling the sample channels with mixed solutions of luciferin and sample (ATP or mixture of kinase and 
its substrates).  BL from the wells was measured with a charge-coupled device for 30 min. 

 
RESULTS AND DISCUSSION 
    First, we measured BL emission to confirm ATP detectable in the on-chip assay format by using three types of 
Luc with different sizes, Lucf, GST-Lucf, and GST-Lucb.  After gelation of a mixture containing 20 !g/mL each 
Luc and 1.5% agarose in the wells, BL was observed from the wells for any types of Luc when the channels were 
filled with luciferin/ATP (10-7 M) mixtures.  The result indicates ATP is detectable in the proposed format.  
However, in the case of Lucf and GST-Lucf, BL was observed not only on the wells but also on the channels.  This 
is due to the leakage of them from agarose gel in the well into the ATP/luciferin solution filling in the channel.  
Therefore, bead-bound GST-Luc was used in the on-chip assay. 
    CCD images of BL emission from the wells are shown in Figure 2 (A and B).  As seen in this figure, five 
samples with different concentrations of ATP can be tested, and for each sample five BL data obtained in single chip 
assembly.  Figure 2 also shows BL emission was dependent on ATP concentration.  A linear relationship between 
ATP concentration and average BL integration was obtained with the detection limit of 1.8"10-9 M (2.7"10-16 mol) 
(Fig. 2C), which is comparable to those in the batch methods. 

    To extend this format to the assay of kinases, ATP produced by kinase reaction and luciferin should be brought 
into the wells where Luc is immobilized.  Additionally, to exploit a characteristic of this format, i.e. ability of a 
simultaneous assay of five samples using five analytical reagents, each substrate of kinases tested should be 
immobilized in the wells on each reagent line (Fig. 1).  For these purposes, creatine kinase (CK) was used as a 
model.  Creatine phosphate was immobilized together with Luc in the wells on two reagent lines while in the 
remaining wells on other three reagent lines on the same chip, Luc was immobilized.  Then, all of the sample 
channels were filled with a mixture containing CK, adenosine 5’-diphosphate (ADP), and luciferin.  In this method, 
BL emission was observed in the wells having both Luc and creatine phosphate.  However, BL from the wells 
without creatine phosphate on the same reagent line was also detected, indicating creatine phosphate leakage from 
agarose gel.  The result means possible interference of BL with the neighbor wells in the case of simultaneous 
assay of several kinases.  Thus, for the kinase assay in this format, a reaction mixture containing kinase, kinase 
substrate, ADP, and luciferin was used instead of ATP solution in the ATP assay.  
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Fig. 2.  CCD images of the on-chip BL at various concentrations of ATP (A and B), and 
calibration curve for ATP (C). 
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    Various concentrations of CK, acetate kinase (AK), and pyruvate kinase (PK) were tested by using a mixture of 
each kinase and its substrates after optimization of the experimental condition.  As results, linear relationships 
between kinase concentration and BL emission were obtained, and the detection limits were 3.0~130"10-12 M 
(0.47~20"10-18 mol) depending on type of kinase.  Finally, we examined simultaneous assay of CK, AK, and PK.  
When a mixture of three kinases as a model sample was loaded into the channels with each substrate and BL 
reagents, BL was obtained from the wells for any substrate loaded (Fig. 3).  Since the BL intensities using kinase 
mixture were the same as in the use of one kinase and its substrate, kinases used in this work specifically recognized 
each substrate and produced ATP followed by Luc reaction.  The on-chip assay system using immobilized Luc will 
thus be applicable to a simultaneous assay for kinases. 
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ABSTRACT 
The extracellular pH monitoring on culture media is indicative of the metabolic activity of the cells. 

However, their precise determination is commonly limited by the presence of cells that interfere on the 
measurement. A biophotonic lab-on-a-chip (bioPhLoC) for the accurate monitoring of the extracellular medium 
pH without interference of attached/detached cells is here presented. The bioPhLoC comprises two identical 
microbioreactors (MBR) fluidically connected: (i) the retention MBR (RMBR), integrating 21 size-exclusion 
microfilters (3 m high, 200 m wide) regularly distributed and capable to efficiently entrap vascular smooth 
muscle cells (VSMC) (90% retention) and (ii) the monitoring MBR (MMBR), where the pH changes due to cell 
metabolism are determined at real time. With this configuration, the metabolic activity of VSMC, determined by 
measuring the acidification rate in the extracellular environment, was accurately determined without 
interference of attached/detached cells.  

KEYWORD 
biophotonic Lab on a Chip, cell proliferation monitoring, size-exclusion microfilters, pH control 

INTRODUCTION
The accurate control of the extracellular medium pH has been demonstrated of key importance for cell 

culture. Extracellular pH changes are indicative of the metabolic activity of cells and the monitoring of this 
parameter has been already used to detect the perturbation of biological function of cells (e.g: 
ischemia/reperfusion injury) [1] or to evaluate the effects of drugs or toxins [2]. Besides, even short-time pH 
changes (minutes) have been proved to affect cell proliferation, for example modifying the synthesis of matrix 
macromolecules [3]. For this reason, extracellular pH should be continuously and accurately monitored during 
cell culture.  

Electrochemical, ion-sensitive field effect transistor (ISFET) and optical-based systems aimed to measure 
pH changes have been developed last years. Electrochemical systems for pH sensing have been found to rely on 
complicated fabrication processes, chemical cross talk between sensors as well as flow-dependence and medium 
components fouling [4]. On the other hand, the electrical field generated by ISFET based systems has been 
claimed to affect cell physiology [5]. Optical systems represent the best alternative for being low cost, feasible 
for miniaturization, non-invasive and immune to electrical interference. In some of them, pH changes are 
measured by considering the presence of phenol red in the cell culture media (as could be Dulbecco's Modified 
Eagle Medium, DMEM), since it provides with colorimetric variations when the pH media shifts from the 
protonated (450 nm) to the deprotonated form (550 nm) [6]. Nevertheless, it was also demonstrated that the 
presence of the cell culture at the same region where the pH was determined caused significant errors [7]. To 
tackle this issue, an optical-based system with an architecture that allows the uncoupling and the simultaneous 
real time monitoring of the cell culture and the extracellular medium pH is here presented. 

BIOPHOTONIC LoC DESIGN AND FABRICATION 
The design of the bioPhLoC is illustrated in Figure 1A. It consists of two identical microbioreactors (MBR) 

connected by a common fluidic channel (interconnecting channel, 200 m wide, 1.6 cm long) and containing 
optical elements (microlenses, air mirrors, self-alignment channels, etc.) for the continuous optical interrogation 
of the samples present in both reactors. The sole difference between them is the monolithic integration of 21 
size-exclusion microfilters (3 m high, 200 m wide) homogeneously distributed around the retention MBR 
(RMBR) for cell entrapment.  

The bioPhLoC was fabricated following a lithographic protocol already reported [8-9]. This protocol 
involves the fabrication of a two-level SU-8 master (one level for the size-exclusion microfilters and another 
implementing MBRs, microfluidic and microoptical elements), the replication of the structures with 
poly(dimethylsiloxane) (PDMS) and their bonding on a glass substrate. A final image of the system filled with 
crystal violet (only for validation purposes) is shown in Figure 1B. 
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Figure 1: Schematic 
of the bioPhLoC 
with integrated 

size-retention 
microfilters (A) and 
photograph of the 
microchip filled with 
crystal violet dye 
(for visual fluidic 
validation)(B). 

 
CELL TRAPPING 

The concept of the bioPhLoC is demonstrated by inoculating rat thoracic aorta vascular smooth muscle cells 
(VSMC) re-suspended in DMEM under sterile conditions (600 L containing 105 cells/mL) [9]. After the 
inoculation, the chip was connected to a NEMESYS syringe pump (Cetoni GmbH, Germany) at a constant flow 
of 100 L/min to remove non-trapped cells (rinsing step). Cell trapping efficiency was evaluated by measuring 
the variation in the absorbance magnitude at 600 nm (Abs600) with time. At this wavelength, the absorbance 
magnitude is directly proportional to the light dispersion produced by cells and thus, to cell concentration.  

In the cell inoculation step, Abs600 increased in the retention reactor but remained almost constant in the 
monitoring MBR, MMBR (Figure 2A). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Changes of absorbance (Abs600) vs. time in both microreactors 
during VSMC inoculation and rinsing (A). Image showing VSMC trapped 
in the retention reactor (B) and some of them retained in the microfilter area 
(white arrows) without reaching the monitoring reactor (C). 

 
This is consistent with the fact that VSMC (around 8-10 m diameter) remained mainly entrapped in the 

size-exclusion microfilters (3 m high) integrated in the RMBR. Considering absorbance data, cell retention 
was determined to be close to 90 %. However, this value may overestimate the filter efficiency since some of the 
cells crossing the microfilter structure may not be measured in the MMBR. In Figure 2B, it is proved that a huge 
amount of cells were deposit in the bioPhLoC bottom after being trapped in the retention reactor. Nevertheless, 
Figure 2C shows some cells crossing the microfilter structure. These cells were under very stressful conditions 
and eventually degenerated and died. Cell membrane breakdown and the formation of small lipidic vacuoles are 
clearly observed in the figure. These cell fragments and vacuoles were too small to be detected in the MMBR 
thus overestimating the real filtering capacity.  

 
pH MONITORING 

After inoculation, the bioPhLoC was introduced in the incubator (37ºC, 5% CO2) at a constant DMEM flow 
of 0.5 L/min [9]. Cell proliferation was indirectly monitored in both MBRs by following the pH changes 
produced by cell metabolism with the pH indicator phenol red included in the culture medium.  

Phenol red is a reversible indicator dye that in acidic conditions (below pH 6.4) absorbs in the blue region of 
the visible spectra (450 nm). Above pH 8, this dye is deprotonated and, as a result, undergoes a visible colour 
change to red, absorbing at the green part of the spectrum (550 nm). This behavior of the phenol red makes it 
suitable for non-invasive optical monitoring of pH at physiological levels in cell and tissue culture. pH changes 
caused by cell metabolism were simultaneously measured at both MBRs for comparison purposes. Concretely, 
the absorbance peak of the deprotonated form of phenol red was analyzed (Figure 3). 
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As shown, in both MBRs the Abs550 decreases with time due to the extracellular medium acidification 
produced by cell metabolism. However, some differences were observed when comparing retention and 
monitoring reactor. First of all, the absorbance magnitude between 600 and 800 nm randomly oscillated in the 
RMBR, whereas it was almost constant in the MMBR. Additionally, the variation of the Abs550 with time (inset 
in figure 3A) in the RMBR provided with a non-linear response due to cell attachment/detachment. Concretely, 
each cell detached from the substrate that crossed the light beam caused a random disturbance on the spectral 
response. In opposition, the same calibration at the MMBR (inset in figure 3B) presented the expected linear 
response, confirming the validity of the proposed twin biophotonic reactor. 

 
Figure 3. Variation of absorbance as a function of the wavelength in both the retention (A) and monitoring 
reactors (B). Inset in both figures shows the time variation of the deprotonated absorbance band of phenol red. 

 
CONCLUSIONS 

The present bioPhLoC demonstrates high accuracy in the determination of the extracellular pH in culture 
medium with a non-invasive, simple and fast optical measurement based on the change of colour of the pH 
indicator phenol red. This accurate pH measurement is performed in the monitoring reactor without interference 
of attached/detached cells that are retained in the filtering structure (90% trapping efficiency).  
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ABSTRACT 
Staphylococcus epidermidis is a common cause of catheter-related bloodstream infections, resulting in significant 
morbidity, mortality, and increased hospital costs.  The ability to form biofilms greatly increases the ability of S. 
epidermidis to cause these infections, however some clinically isolated strains do not form biofilms in vitro, 
although they contain the necessary genetic components.   Significant phenotypic variation of biofilm formation 
within these strains presents an unanswered question as to the ultimate importance of biofilms in catheter related 
infections.  Using a parallel microfluidic approach to investigate flow as an environmental signal for S. epidermidis 
biofilm formation, we demonstrate that clinically relevant fluid shear induces biofilm formation in certain clinical 
isolates and influences their biofilm structure.   These findings suggest an important role of the catheter fluidic 
microenvironment in the establishment of S. epidermidis infections, and illustrates that characterization of clinical 
isolates must be conducted in a clinically relevant context. 
 
KEYWORDS 
Biofilm, Shear Stress, Microfluidics, Staphylococcus epidermidis 

 
INTRODUCTION 
 
Staphyloccocus epidermidis is a significant cause of hospital-acquired infections, specifically blood stream 
infections (BSI) that result from the use of long-term central catheter lines [1]. The ability to form biofilms, 
structured assemblies of secreted extracellular biomolecules and cells, has long been considered a key factor in the 
ability of S. epidermidis to cause serious catheter-related BSIs [2].  One caveat, which has long plagued the 
infectious disease community, lies in the significant variation of biofilm phenotype amongst clinically isolated 
strains.  Even when only considering one type of biofilm matrix, the polysaccharide intracellular adhesin (PIA), 
there are strains that contain all the genetic components needed to make biofilms, yet form none under normal in 
vitro conditions in a 96-well plate format [3].  Further, some strains have been shown to begin to from biofilms 
when exposed to low concentrations of Ethanol and Benzyl Alcohol [4], however it is unclear if these conditions 
persist during infection long enough to effectively induce biofilm in vivo.   
 
The catheter lumen, where S. epidermidis pathogenesis initiates, is a dynamic microenvironment inherently 
characterized by fluidic forces, however, little is understood regarding their effects on biofilm formation.  Here we 
use a microfluidic bioreactor shear array coupled to a novel cross-flow seeding mechanism to create isolated 
populations of bacteria to be cultured under a range of shear stresses in parallel. Using this platform, we show that 
fluid shear stress, rather than washing biofilm away, actually induces formation of biofilms in clinically isolated 
strains that would not form biofilms under normal in vitro conditions. This platform, along with these initial 
observations, implicates the catheter environment itself as a factor in bacterial pathogenesis, and warrants 
consideration of fluidic forces in both the design and operation of catheters.   
 
EXPERIMENTAL 
 
We have employed a robust microfluidic device design (Fig. 1), combining parallel fluidic circuitry and a novel 
cross-flow seeding channel, to perform a range of shear stress measurements on isolated cell populations in each 
chamber.  This allows for analysis of multiple identical populations without any upstream/downstream effects of 
metabolic bi-products or soluble signal secretion.  Further, there is insignificant flow in the cross channels when in 
perfusion mode, as the circuit design results in no pressure drop across these channels, negating the need for 
complex two-layer valve systems.  This ensures that each population of cells under a given shear is in fact isolated 
from its neighbors, experiencing different, but distinct shear stresses. 
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Figure 1:  (A) Schematic of the device.  (B) Seeding mode, 1 µm fluorescent beads in flow. (C) Perfusion mode 
used for culture (D) Shear stresses covered in one experiment (E) Fluid velocity in each chamber was measured 
using streak images of 1µm beads. 
 
 
In order to characterize the quantitative capabilities of the platform, well-defined (both genotypically and 
phenotypically) S. epidermidis ATCC strains were cultured under flow in the device.  Analysis of these strains 
showed that the microfluidic biofilm assay could differentiate between biofilm+ (strain 35984) and biofilm- (strain 
12228) genotypes with high confidence (P<0.001) over a range of shears and culture times. These initial experiments 
laid the groundwork for assays using clinically isolated strains of S. epidermidis. 
 
Clinical isolates of S. epidermidis displayed a range of biofilm phenotypes when grown under clinically relevant 
fluid shear.  Strains A-10 and A-26, although both containing biofilm+ genotypes, display significantly different 
biofilm phenotypes under static conditions and flow.  These results are in line with previous observations using 
conventional 96-well plate assays. 
 

 
Figure 2:  (A) Laboratory ATCC strains of S. epidermidis show distinct biofilm phenotypes under flow.  

Quantification of biofilm formation in (B) ATCC strains and (C) clinical isolates from blood cultures.  
 
Interestingly, the clinical isolate strain A-5, which is unable to form biofilms when grown in a 96 well-plate assay 
without flow, was induced to switch to a strong biofilm+ phenotype when grown under flow. Over a range of shear 
spanning two orders of magnitude, A-5 exhibited a biphasic dependence of biofilm formation on fluid flow (Fig. 3 A, 
B), increasing biofilm secretion until mechanical forces overcame cell adhesion.  Interestingly, this strain has also 
been shown to be induced to form biofilm when exposed to low concentrations of ethanol [4].   
 
To more rigorously determine if the observed biofilm formation in strain A-5 was due to an induced phenotype, or 
from selection of a previously existing mutant subpopulation, cells were collected from the biofilms grown under 
flow, and grown without flow in a 96 well-plate. When cells producing biofilm under flow were extracted and grown 
in non-inducing ‘normal’ in vitro conditions, they reverted to a wild type biofilm formation phenotype (Fig. 3 C,D).   
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Figure 3: Clinical isolate strain A-5 is induced to form biofilm when exposed to fluid flow.  (A) A biphasic 

dependence on shear.  (B) At low shear, no biofilm matrix is present, but live cells are still on the surface (C) Cells 
collected from flow-induced biofilms revert to a wild type (no biofilm production) phenotype under no flow 

conditions. 
 

Our results show that the catheter environment may play an important role in formation of biofilms in S. epidermidis 
clinical isolates.  Notably, certain strains significantly increase their pathogenic potential when exposed only to 
fluidic forces present in catheters under clinical operating conditions.  This data lays the groundwork for further 
investigation into the molecular mechanisms involved in shear induced biofilm formation, which may uncover a rare 
instance of a mechanosensing pathway in what are commonly considered evolutionarily primitive prokaryotic 
organisms.  Most importantly, this warrants consideration of the mechanical forces when designing catheter lumens 
and operational protocols, offering a potentially simple solution to reduce infection rates. 
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ABSTRACT 
    A microdevice for cell migration assays using reverse-transfection (RTF) was presented. The device consisted 
of multiple nanoliter scale chambers, which separate individual RTF spots to prevent cross-contamination of 
reagents and cells among neighboring RTF spots. The microdevice was designed to use forces generated by surface 
tension to seed cells in the chambers in a simple manner. We demonstrated that the migration of cells was 
significantly suppressed by the transfection of anti-paxillin siRNA using the microdevice. This approach may 
provide a promising platform for robust and reliable RTF assay systems for various biological analysis applications. 
 
KEYWORDS 
reverse transfection; cell migration; PDMS; paxillin. 

 
INTRODUCTION 

Cell migration is essential for both physiological and pathological processes, including wound healing, 
inflammation, and cancer invasion and metastasis [1]. High-throughput screening of the genes responsible for cell 
migration is therefore desirable for elucidating the mechanisms underlying these processes. The reverse-transfection 
(RTF) technology is a microarray-driven gene expression system, in which plasmid DNA and/or siRNA previously 
spotted on the surface of a slide glass are reverse-transfected locally into adherent cells. This is a powerful tool for 
screening hundreds of functional genes [2]. However, a potential drawback is that, as the RTF spot density increases, 
the potential for cross-contamination of regents and cells among neighboring spots also increases [3]. To address this 
issue, we fabricated a microdevice that separates the spots using nanoliter scale chambers. We examined whether the 
microdevice can be used for the simultaneous seeding of cells and the subsequent evaluation of migration-related 
genes. 

 
EXPERIMENTS 

The microdevice consisted of two microchannels, 
eight chambers, and RTF spots placed in each chamber 
(Figure 1). An RTF mixture was prepared by mixing 
siRNA (QIAGEN), plasmid-encoded yellow-green 
fluorescence (Venus) protein, Lipofectamine 2000 
Reagent (Life Technologies), gelatin (Sigma), fibronectin 
(Research Institute for Functional Peotides, Yamagata, 
Japan), and Dulbecco’s modified Eagle’s medium 
(Sigma). The RTF mixture (~10 nl) was spotted and 
arrayed on a glass slide coated with type I collagen using 
a microarray printer (KCS-mini; KUBOTA Comps, 
Osaka, Japan). A PDMS structure was fabricated by 
replica molding using a template formed using a 
thick-film photoresist (SU-8; Microchem, Newton, MA, 
USA). The PDMS substrate was then placed on the 
collagen-coated glass slide after the precise alignment of 
the spots and chambers under a microscope. The 
plasmid-encoded fluorescence protein was used to 
visualize the transfected cells. NBT-L2b cells, typical 
invasive cancer cells, derived from bladder carcinoma of 
rattus norvegicus were used. The cells were suspended in 
a culture medium (MEM; Sigma) supplemented with 
10% fetal bovine serum (ICN Biomedical Inc., OH) and 
antibiotics at a density of 1 × 106 cells/ml. The cell 
suspension was introduced into the multiple chambers 
simultaneously by using a pneumatic controller 
connected to the ends of the microchannels. After 24 h of 
culture, the migration of cells was tracked by taking 
phase-contrast and fluorescence images for 1 h at 5-min 
intervals. The migration speed of cells in each chamber 
was quantified by analysis of these time-lapse images 
using ImageJ software.   

 
Figure 1: (A) Microdevice for cell culture. (B,C) 

Representative schematics of cell distributions in the 
chambers when cell migration is inhibited by the 
interference with a transgene (B) or when a transgene is 
not involved in migration (C). Transfected and 
non-transfected cells are indicated with yellow-green 
and purple, respectively. Red regions indicate spots of 
the RTF mixture reagent. 
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RESULTS AND DISCUSSION 

The microdevice was designed so that cells adhering to RTF spots in the chambers were transfected with siRNA 

and plasmid-encoded fluorescence protein during culture (Figure 1). The plasmid was used to visualize the 

transfected cells. Because cells uptake siRNA and plasmid at virtually the same time, fluorescently labeled cells can 

be assumed to be siRNA-transfected cells. When cells are transfected with siRNA targeted to genes essential for 

positively regulating cell migration, the distribution of the cells will be limited to close proximity of an RTF spot 

(Figure 1B), whereas cells transfected with siRNA unrelated to migration or without transfection will randomly 

migrate toward the outside of a spot (Figure 1C). 

Figure 2A shows the steps for the simultaneous cell seeding of multiple chambers. The cell suspension was 

dropped into the solution inlet port using a pipette. Subsequently, by reducing air pressure from the end of flow 

channel 1, the solution was introduced into flow channel 1. All the chambers were then filled with the solution by 

applying a negative air pressure to the end of flow channel 2 for a few seconds. Finally, by applying a positive air 

pressure to the end of flow channel 1, the remaining excess solution was extracted from flow channel 1. As expected, 

the cell suspension was readily delivered to all the chambers, and it did not pass through the outlet of the chambers. 

This precise control of a cell suspension solution was realized by taking advantage of differences in surface tension. 

After the solution enters the chambers, the small rhombus structure at the end of each chamber effectively prevents 

overflow of the solution into flow channel 2. In this region, because surface free energy increases rapidly, the 

solution does not flow spontaneously. Figure 2B shows the number of cells introduced into each chamber. Cells were 

 

Figure 3: (A) Phase-contrast image of cells in the 

chamber after 24 h of culture. Scale bar, 200 μm. (B) 

Live/dead fluorescent staining of cells at 24 h of culture. 

Scale bar, 200 μm. Viable cells were identified by the 

green cytoplasmic fluorescence, whereas the dead cells 

showed red nuclear fluorescence. (C) Cell viability after 

24 h of culture in the chamber. 

 

Figure 2: (A) Steps for simultaneous cell seeding to the multiple chambers. (B) Comparison of the cell 

densities seeded into the chambers. 

 
Figure 4: Effect of anti-Pxn siRNA on migration 

of NBT-L2b cells. Cell migration was evaluated after 

transfection of anti-Pxn siRNA and non-target siRNA 

(NT siRNA), and without transfection (No siRNA). * 

indicates p < 0.01 by the Mann-Whitney u-test. 
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uniformly seeded into the chambers, again because the cell seeding can be completed readily and rapidly owing to 

the precise handling of a solution. The viability of the cells in the chambers was evaluated after 24 h of culture with 

a live/dead fluorometric assay using fluorescein diacetate and ethidium bromide (Figure 3). With this assay, viable 

NBT-L2b cells were identified by green cytoplasmic fluorescence, whereas dead cells showed red nuclear 

fluorescence. As shown in Figures 3B and 3C, more than 95% cells remained viable after 24 h of culture, suggesting 

that the microdevice provides a favorable cell culture environment.  

To demonstrate that the microdevice can be used for cell migration assays, paxillin (pxn) was used as a model 

target gene. Pxn is a focal adhesion-associated adaptor protein and is essential for cell migration. Anti-Pxn siRNA 

interferes with the expression of the Pxn gene and suppresses cell migration. We prepared an array of RTF spots 

containing anti-Pxn siRNA, as well as siRNA without target (NT siRNA) and without siRNA (No siRNA) as 

controls. Transfection efficiency was quantified by counting the number of cells expressing a transfected fluorescent 

protein. The efficiency was ~30%, which was sufficient for the statistical evaluation of cell migration. After 24 h of 

culture NBT-L2b cells were tracked through a time series of phase-contrast and fluorescent images of the entire 

region of each chamber at 5-min intervals for 1 h. Although there was no significant difference in the migration 

between the NT siRNA and No siRNA samples, migration was significantly suppressed by transfection with 

anti-Pxn siRNA as compared with the controls (Figure 4, P < 0.01). 

 

CONCLUSION 

We fabricated a microdevice to facilitate RTF of microarrayed siRNA and validated the technique through 

evaluation of genes closely related to cell migration. To prevent cross-contamination of reagents and cells among 

RTF spots, individual spots were confined inside microchambers. To facilitate cell seeding into the multiple 

chambers, the chamber structure was designed to use forces generated by surface tension for precise handling of the 

cell suspension solution. NBT-L2b cells were introduced into the chambers, reverse-transfected with siRNA, and 

cultured under a favorable condition over 24 h. RTF with anti-Pxn siRNA significantly inhibited the migration of 

NBT-L2b cells. This approach may contribute to a better understanding of fundamental cell biology and may 

facilitate the development of a tool for screening and evaluating migration-related genes. 
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ABSTRACT 
    Endothelial cell (EC) plays an important role in various biological phenomena, which are highly regulated by 
oxygen microenvironments. For instance, tumor angiogenesis initiated by hypoxia microenvironment induces 
migration of ECs to form blood vessels. Previous studies suggested that hypoxia induces migration of ECs by 
vascular endothelial growth factor (VEGF) under different oxygen tensions. However, the effect of spatial oxygen 
gradients on ECs is remained unclear. In this study, we develop a microfluidic device to study EC proliferation and 
migration under the oxygen gradients based on a wound-healing assay. The experiment results show that not only 
oxygen tension but oxygen gradient does affect the proliferation and migration of ECs. Consequently, the developed 
platform in this study provides a promising in vitro model to better study the in vivo EC behaviors. 
 
KEYWORDS 
Wound-Healing Assay, Oxygen Gradient, Endothelial Cell, Microfluidics.  

INTRODUCTION 
    Angiogenesis, which forms the new blood vessels from preexisting vasculature in both normal 
developmental processes and numerous pathologies, is an essential topic for a number of biomedical researches. 
Hypoxia is a common feature of tumor and ischemic tissues, alters fundamentally and physiologically 
intracellular pathways such as vascular endothelial growth factor (VEGF), and has been recognized as a 
stimulus for angiogenesis. Angiogenesis requires the coordinated growth and migration of endothelial cells 
(ECs) to maintain the vascular homeostasis. Tumor angiogenesis initiated by hypoxia microenvironment 
induces migration of ECs to form blood vessels [1]. Hypoxia-inducible factor, HIF-1 plays a central role in 
regulating cellular response to hypoxia. Furthermore, Previous studies suggested that hypoxia induces 
migration of ECs by VEGF under different oxygen tensions [2]. However, the effect of spatial oxygen 
gradients on ECs is remained unclear. Here, we develop a microfluidic device to observe ECs proliferation and 
migration under the oxygen gradients by wound-healing assay. 
 

 
Figure 1. Schematic of the microfluidic device for 
wound-healing assay with oxygen gradients. 

 
Figure 2. Experimentally characterized oxygen gradient 
profile, and its relative position to the HUVEC wounds. 

 
EXPERIMENT 
Device Design and Characterization 
    The device is constructed by a single PDMS layer then irreversibly bonded to a glass slide coated with a 
PDMS thin film. On the PDMS layer, there are three sets of microfluidic channels as shown in Fig. 1. The 
middle channel with three inlets is exploited for cell culture and wound formation, and two side channels are 
used to generate oxygen scavenging chemical reactions [3]. The device takes advantage of the oxygen 
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diffusivity through PDMS between the channels. Therefore, the oxygen inside the middle channel can be 
controlled by the chemical reactions in the side channels. In the experiments, pyrogallol and NaOH are utilized 
for oxygen scavenging. Figure 2 shows the experimentally characterized oxygen gradient (Left: 0%, Right: 
14%) inside the middle channel while performing oxygen-scavenging reaction in the left side channel. The 
developed microfluidic device possesses several desired advantages, including: elimination of tedious gaseous 
interconnections, cell incubator compatibility, compact and simple setup.  
 
Cell Experiments 
    To examine the performance of the developed device for cell culture, Human Umbilical Vein Endothelial 
Cells (HUVEC) is cultured in the microfluidic device. Figure 3 shows the experimental procedure for 
wound-healing assay in the microfluidic device: (a) HUVECs are introduced into the middle channel coated 
with extra cellular matrix protein, fibronectin. (b) After 24-hour cell culture, the cells attached onto the 
substrate and reach confluence. (c) The wound is created using a laminar flow patterning by introducing 0.25% 
trypsin from the side inlets (flow rate: 10 µl/ min) and medium from the middle inlet (flow rate: 20 µl/min).  
To examine the proliferation and migration of ECs under oxygen gradient, we performed wound-healing assay 
after cell seeding for 24 hours.  
 

 
 

Figure 3. Experimental procedure and microscopic phase images for wound formation within the microfluidic 
device. (a) Cell seeding. (b) Cell adhesion to the substrate after 24-hr culture. (c) The experimental setup for 
microfluidic wound formation, and the resulted cell pattern. (Scale bar is 200 µm) 
 
RESULTS AND DISCUSSION 

Figure 4 shows the wound healing microscopic photos of HUVECs under 20% oxygen, 1% oxygen, and the 
oxygen gradient at different time points. The results show the wound healing speed of HUVEC under a low 
oxygen tension (~7%) with oxygen gradient is faster than that under 20% and 1% oxygen tensions. 
Furthermore, figure 5 shows wound reduction characterized from the aforementioned photos under 20% 
oxygen and the oxygen gradient after 16-hour experiments. The wound size reduction at the low oxygen 
tension with the oxygen gradient (105.5 µm) is faster than that under normoxia (89.9 µm).  We found that an 
oxygen gradient plays an essential role in the proliferation and migration of ECs.  Consequently, the platform 
we established in this study provides an in vitro model to study the in vivo EC behaviors under oxygen 
gradients. 
 
CONCLUSION 

In conclusion, the developed microfluidic device provides a promising platform to study cell proliferation and 
migration under oxygen gradients. 
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Figure 4. Flow cytometric measurement results of standard fluorescence beads using a device with a 2 mm-diameter 
sheath flow inlet.  (a) Typical time-domain measurement results of 10 µm-diameter beads within a 3 sec-period 
with core and sheath flow rates of 100 and 400 µl/min, respectively.  (b) Histograms of the measured peak 
fluorescence intensities and the Gaussian fit (black line) under the same flow conditions. 
 

     
Figure 5. Wound size variation characterized from the experimentally captured phase microscopic images under (a) 
uniform 20% [O2] normoxia, and (b) 0 – 14% [O2] oxygen gradient.  The discrepancy in wound size variation 
between two sides suggests that oxygen gradients do affect HUVEC migration and proliferation.  
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ABSTRACT 

We developed carbon nanowalls devices (CNWs), on which graphenes vertically stand in the nanometer spacing 
like “graphene forest”, with different wettability.  CNWs permitted cell adhesion and proliferation, and especially 
super hydrophobic CNWs enabled easy and less invasive cell collection.  Furthermore, collagen coated CNWs 
successfully enhanced the differential ability of the human mesenchymal stem cells (hMSC) to osteoblast cells 
compared to collagen coated polystyrene culture dishes.  Thus, CNWs have superior many properties as cells 
scaffolds and are expected to be useful for regenerative medicine 
 
KEYWORDS 
Carbon nanowall, Cell scaffold, Nanostructure, Stem cells 

 
INTRODUCTION 

In regenerative medicine, cell scaffolds are significantly important as well as cells and growth factors [1].  One 
of the most promising scaffolds would be CNWs developed by our group [2] because CNWs have large surface area 
and high aspect ratio, which would promote cell adhesion and proliferation.  In addition, the size, wettability, and 
the space between CNWs could be easily controlled.  Despite of these superior properties, there has been no report 
about the application of CNWs for cell scaffolds.  Therefore, in this paper, we investigated CNWs’ performance as 
cell scaffolds in detail. 
 
EXPERIMENT 

CNWs with different wettability were fabricated according to our previous paper with our own apparatus as 
shown in Figure 1 [3].  Briefly, a radical injection plasma-enhanced chemical vapor deposition (RI-PECVD) system, 
which consists of two plasma sources, was employed to prepare CNWs.  One of plasma source is the surface wave 
plasma (SWP).  It generates the high density proton radical, which is injected to under plasma region.  The other is 
very high frequency (VHF) capacitively coupled plasma (CCP).  Operating conditions for CNWs preparation were 
as follow: The power of SWP and CCP were 400 and 300 W, respectively.  The pressure was kept at 1 Pa with 
methane and hydrogen gas.  The flow rate of each gas is 50 and 100 sccm for methane and hydrogen gas, 
respectively.  After growth of CNWs, for the control of the CNWs’ wettability, the atmospheric pressure plasma 
(APP) and CCP in the vacuum were irradiated on the CNWs’ surface.  For the preparation of super hydrophilic 
surface from hydrophilic surface, APP with argon and oxygen gas was employed according to the paper [4], which 
experimental conditions were as follow: The power of the atmospheric pressure plasma source is 9 kV.  The flow 
rate of gas is 2 and 50 sccm for argon and oxygen, respectively.  On the other hand, for the preparation of 
super-hydrophobic surface from hydrophilic surface, RI-PECVD with tetrafluoromethane and argon gas was 
employed, which experimental conditions were as follow: The power of CCP is 200 W.  The pressure was kept at 
160 Pa with tetrafluoromethane and argon gas.  The flow rate of each gas is 36 and 10 sccm for tetrafluoromethane 
and argon, respectively. 
 

 
 

 
 

 

Figure 1. Schematic for carbon nanowall 

fabrication device 

 
Figure 2. SEM images of Carbon nanowalls 

 

 

 

Figure 2.  
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SEM images of prepared CNWs show that we can successfully prepared CNWs, which height, space and thickness 
are 600 nm, 200 nm and 10 nm, respectively as shown in Figure 2.  In addition, we could control CNWs’ 
wettability and obtain super hydrophilic and super hydrophobic CNWs as shown in Figure 3. 
 
 

 
To assess CNWs’ performance as cell scaffolds, at first, serum protein adsorption on CNWs surface was estimated 
by BCA method.  The results indicate that adsorbed amount on CNWs was twice as much as on the glass surface 
with similar wettability.  Therefore, we can expect cell adhesion and proliferation on CNWS.  Subsequently, to 
investigate cell adhesion and proliferation on CNWs, tumor cells were cultured on CNWs with different wettability.  
SEM images in Figure 4 show that cells extended and adhered on CNWs with moderate wettability, while showed 
round shape on super hydrophobic CNWs.  The reason of this phenomenon has still been unclear but seems to be 
related to the amount and structure of adsorbed protein.  In addition, the cell numbers after 4 days cultures were 
estimated and the results showed that CNWs with moderate wettability had highest cell proliferation, while super 
hydrophobic CNWs seemed to have no proliferation as shown in Figure 5.  However, detail observation made clear 
that cells detached from super hydrophobic CNWs surface when cells migrated or proliferated, and revealed that 
detached cells were alive and could proliferate.  Therefore, super hydrophobic CNWs enable us to retrieve cells 
with less invasive manner and are useful for regenerative medicine. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  Finally, the effect of CNWs on the differential ability of hMSCs was also investigated.  Figure 5 shows the 
results of alkaline phosphatase staining after culture on CNWs surface and glass surface, and that hMSCs on CNWs 
can differentiate to osteoblast as well as on the glass surfaces.  In addition, quantification of alkaline phosphatase 
activities was demonstrated to assess the differentiation to osteoblasts.  Figure 6 indicates that collagen coated 
CNWs enhanced the differentiation ability of hMSCs to osteoblast compared to the polystyrene dishes and glass 
surfaces.  The reason of this enhancement has not been made clear, but would be due to the stiffness and electric 
property of CNWs.  

Thus, CNWs have superior properties as cell scaffolds and would be expected to be useful in regenerative 
medicine.

 

10 mm  
Figure 4. SEM images of tumor cells on CNW with moderate 

wettability (left) and with super hydrophobic (right) 

 

 

Figure 5. Cell numbers on CNWs(■)and glass 

surfaces (◆ ) after 4 days culture. Cells: 
HeLa cells (1 ×10 4 cells /cm2) 

 

(A) (B) (C) (D)

 
Figure 3. Contact angle measurements of each carbon nanowalls prepared by (a) atmospheric plasma followed 

by methane gas treatment, (b) only methane gas treatment, (c) hexafluoroethane gas treatment and (d) fluorine 

treatment followed by hexafluoroetahne gas treatement  
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CONCLUSION 

  Carbon nanowalls with hydrophobic or hydrophilic surfaces were prepared by our developed method.  These 

carbon nanowalls permitted cells to adhere and proliferate.  Interestingly, on super hydrophobic carbon nanowalls, 

cells easily detach from the surface in moving and proliferation.  Therefore, with super hydrophobic carbon 

nanowalls, we can retrieve cells in less invasive manner.  In addition, carbon nanowalls can promote hMSCs to 

higher differentiation into osteoblasts compared to other surfaces.  Thus, carbon nanowalls have superior properties 

as cell scaffolds and are expected to contribute to regenerative medicine. 
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Figure 5. Optical micrographs of hMSCs stained with alkaline 

phosphatase kits on glass surface (left) and CNWs (right)  
Figure 6. Comparison of alkaline phosphatase  

activity between collagen coated each substrate 
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ABSTRACT 
 Many cellular characteristics such as cell attachment, migration, morphology and proliferation are affected by 
porosity and pore size of bioactive gradients. Therefore, engineering a gradient that mimics the porosity relevant 
features of different living tissues can provide a better understanding for some of these cellular characteristics. In 
this work, a simple method is proposed to generate an injectable hydrogel gradient that allows the pore structure to 
be altered post injection resulted in a continuous porosity scaffold gradient under.!This gradient was employed to 
study the cell metastasis phenomenon through monitoring the chemotactic response of human fibrosarcoma 
(HT1080) cells, an invasive cancer cell model, in a cell culture housed in a polydimethylsiloxane (PDMS) 
microfluidic chip. It was found that the migration of cells through this gradient is sensitive to the mean pore size 
where cells migrated toward the largest pores. This gradient provides the advantage of giving users the flexibility to 
observe cell migration in a user-controlled dynamic microenvironment. 
 
KEYWORDS 
Hydrogel, microfluidic device. Porosity gradient, chemotaxis 

 
INTRODUCTION 

Biochemical, biomechanical and biophysical stimuli from microenvironment play crucial roles in biological 
processes such as morphogenesis, differentiation and carcinogenesis [1,2,3]. Understanding the mechanisms 
involved in cell-substratum interaction is essential for creation of therapeutic systems. Various biomaterials have 
been developed to mimic the in vivo extracellular matrix (ECM) structure and porous architecture for cell behavior 
study [4,5]. However, most of the existing systems can only provide static porosity gradient. This study 
demonstrates the preparation of dynamic porosity gradient in a hydrogel-based microfluidic device to mimic the 
dynamic ECM 3D topology. The device was utilized to study cell migration. 

 
EXPERIMENT 

To prepare the microfluidic device, a master mold was constructed using a 3D printer. The desired microstructure 
was designed using AutoCAD design software. PDMS was casted onto the master mold using soft lithography 
technique, the desired microstructures were imprinted onto the PDMS layer, which consist of a main reservoir, inlet 
and outlet reservoirs, microchannels that connect the reservoirs, and microchannels that allow injection of solution 
into each reservoir (Fig. 1).  

 
Fig. Top view of PDMS chip comprises of inlet reservoir, outlet reservoir, one main chamber and microchannels 
 
The PDMS layer was thermal cured and subsequently treated with oxygen plasma in preparation for bonding 

onto a glass slide. Hydrogel was employed to mimic the 3D extracellular matrix (ECM). Hydrogel precursor solution 
was prepared and sterilized. The hydrogel precursor solution mixed with component responsible for pore formation 
was injected into the main reservoir and allowed to gel. To generate a 3D porosity gradient, a biocompatible pore 
etching solution was injected into the inlet reservoir, blank solution was injected into the outlet reservoir to generate 
a pore etching concentration gradient along the hydrogel by diffusion; a porosity gradient was etched simultaneously. 
For visualization, a model FITC-BSA biochemical gradient was generated and examined using laser scanning 
confocal microscopy (LSCM). To visualize the generation of porosity gradients, fluorescence labeled hydrogel was 
examined using LSCM. The pore size and porosity at different regions along the hydrogel were measured. Hydrogel 
precursor solution and HT1080 fibrosarcoma cells were injected into the main reservoir and allowed to gel, the cells 
were immobilized evenly. To generate a dynamic microenvironment, porosity gradient was generated in situ; a 
chemoattractant concentration gradient was then generated in situ in similar manner. Cell migration in response to 
the changing microenvironment was monitored at different time points. Cell viability was assessed using Calcein 
AM assay. 
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The concentration gradient generated in the microfluidic chip can be observed from the diffusion of the 

fluorescent material (FITC-BSA) as shown in Figure 2. The average fluorescence intensity measurement across 
these regions shows a reduction in the fluorescence intensity through the scaffold in the main chamber from left to 
right. 
 

 
Figure 2. FITC-BSA concentration gradient generated across the hydrogel filled reservoir 

 
Hydrogel precursor was loaded in liquid form into the main chamber and formed a gel in situ, the hydrogel was 

fluorescence labelled for visualization. To form a porosity gradient within the hydrogel matrix, pore etching reagent 
was added to the left reservoir while blank buffer solution was added to the right reservoir. As shown in Fig. 3 the 
porosity in the generated gradient gradually increased from the left to the right of the main chamber after 3 days of 
degradation step, the hydrogel gradient is comprised of three different regions: the right region with the smallest 
pore size (average 20!m), the middle region with the average of 27 !m and the left region with the largest pore size 
(average of 33 !m). Table 1 shows that the pore sizes in the region of the main chamber close to the left reservoir 
were on average larger than in the middle or right regions, reflecting the gradual increase in porosity from the left to 
the right regions.  

 
Figure 3. LSCM showing fluorescence labeled hydrogel in main reservoir before and after porosity gradient 

generation. 
 

 Left region (µm) Middle region (µm) Right region (µm) 
Before pore etching 22±8.9 23±6.5 19±6.4 
After pore etching 33±2.2 27±4.1 20±5.5 

Table 1. Average pore size in the left, middle and right regions of hydrogel-based device before and after 
porosity gradient generation. 

 
Cell migration assay revealed that HT1080 cells were distributed uniformly at the beginning; but cells migrated 

to highly porous region after 3 days (Fig. 4). The pore size appears to have a considerable effect on the cell 
migration within the scaffold. The confocal images acquired shows that cell stained by Calcein AM remain viable 
(appear in green), indicating that this device is biocompatiable to HT1080 cells. 
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Table 5. Images of cell migration in porosity gradient obtained using SEM and laser scanning confocal 

microscope. Live cell (green) are stained with Calcein AM. 
 

The microfluidic platform presented here, which incorporates the use of perfusable hydrogels with 
complementary photolithographic fabrication methodologies, demonstrates the potential for the development of a 
robust tool set to construct more complex, micro-scale, biomimetic, in vitro tissue analogues. 
 
CONCLUSION 

Biochemical In conclusion, this study reports the successful generation of dynamic microenvironment in situ 
using a hydrogel-based microfluidic device. Cell migration in response to the changing topology and biochemical 
gradient can be easily examined in situ using this device. 
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ABSTRACT
 A cell co-culture was generated on opposite sides of a permeable polyester (PET) membrane by 
combining dielectrophoretic (DEP) and electrostatic forces to hold cells against gravity in a multilayer 
microfluidic device (Figure 1).  HepG2 cells were trapped underneath the PET membrane (bottom channel) 
when DEP attractive forces were applied.  Cells immediately adhered on the PET membrane by the electrostatic 
forces from a hybrid cell adhesive material (hCAM) [1] deposited on the surface of the electrodes.  NIH-3T3 
cells adhered on the top channel via the hCAM deposited on that side of the membrane. Both cell lines remained 
attached and viable at least 24 h after generating the co-culture. 
 
 
KEYWORDS: Permeable polyester (polyethylene terephthalate, PET) membrane, dielectrophoresis (DEP), cell 
co-cultures, cell capture, multilayer microfluidic device 
 
 
INTRODUCTION 
 The use of permeable membranes (e.g. transwell/Boyden chamber) as cell attachment substrates has 
become prevalent for studies such as cell migration, cell-cell communication and drug transport.  Cells cultured 
on permeable membranes can be exposed to different culture environments on their basal and apical sides.  This 
allows for the exchange of molecules from both sides of the cell membrane, which promotes metabolic function 
similar to cells in vivo.  Microfluidic multilayer permeable devices have the combined advantages of Boyden 
chambers and microfluidic systems.  These devices represent a platform where cells could be interrogated 
independently of each other while maintaining control over their cell microenvironment.  While others have 
demonstrated that cells can be assembled in distinct cell layers with [2] or without [3] a membrane to separate 
them, none of these approaches have taken advantage of the cell loading capacity of DEP.  The combination of 
DEP with these multilayer systems offer the advantage of decreasing the total time of experiment due to the 
increased cell loading capacity added by the DEP trapping forces.  Cells can be trapped and concentrated on the 
sides of the membrane where the DEP electrodes are fabricated, thereby decreasing the waiting period needed for 
cells, in some assays, to be confluent.  The attachment of cells on opposite sides of a membrane in microfluidic 
devices using DEP on both sides of the membrane has yet to be demonstrated.  Here we present our efforts on 
cell attachment on opposite sides of PET membranes in a multilayer microfluidic device using DEP and hCAM.  
On the top side of the membrane cells attach and grow on the hCAM, whereas at the bottom side of the 
membrane DEP and the hCAM trap and anchor the cells while at the same time cells are prevented from being 
dislodged off the membrane by gravity and shear forces. 
 
 
EXPERIMENTAL 
 Our device consists of two PDMS channels assembled perpendicularly to each other and separated by 
a PET membrane (Figure 1).  A gold microelectrode array was patterned on the PET membrane using standard 
photolithography [4].  Briefly, for the gold lift-off process the membrane was coated with two different 
photoresists (LOR 3A and S1813).  The photoresists were covered with a photomask and exposed to UV-light to 
transfer the microelectrodes pattern.  The pattern was then developed and the substrates were dried overnight.  
Gold was deposited (approx. 45 nm) and the excess was lifted-off to obtain the final microelectrodes pattern. 

 
The device was assembled with the gold microelectrodes facing the ITO substrate that closed the 

device at the bottom.  The gold electrodes and the ITO were connected to an arbitrary waveform generator by 
bonding silver/copper wires to gold pads and ITO utilizing an electrically conductive adhesive.  The hCAM was 
deposited on both sides of the membrane to promote immediate cell attachment (Figure 2).  A layer-by-layer 
deposition process was used to deposit poly(allylamine hydrochloride) (PAH), poly(styrenesulfonic acid) (PSS) 
and fibronectin on the PET membrane in the order shown in figure 2. 
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Cells were suspended in sucrose (approx. 0.15 mol/L), and DEP was performed in the bottom channel 
by applying a sine wave of up to 10 Vp-p at a frequency of 13 MHz between the gold microelectrode on the PET 
membrane and the ITO at the bottom of the channel.  A viability dye, Calcein AM, was used to stain the 
cytoplasm of HepG2 cells.  A second dye, CellMask, was used to stain the cell membranes of the NIH-3T3 cells. 
 
 
RESULTS AND DISCUSSION 

The DEP experiments showed that the attractive forces pulled the HepG2 cells towards the PET 
membrane in the bottom channel and the hCAM held the cells in place even after the DEP forces were turned off 
and fluid flow continued.  The hCAM held in place the NIH-3T3 cells on the opposite side of the membrane (top 
channel).  Figure 3 shows HepG2 and NIH-3T3 cells trapped on the PET membrane in the bottom and top 
channel, respectively.  Both cell types spread throughout the membrane and were held in place by the hCAM. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Sketch of a cross-section of a multilayer microfluidic device for the generation of cell co-cultures. A) 
The device is comprised of two PDMS channels assembled perpendicular to each other. A PET membrane with 
patterned microelectrodes is sandwiched between the PDMS channels. B) Cells are introduced into the channels 
in sequential fashion.  C) Cells are trapped and anchored with DEP and hCAM at the bottom and with hCAM at 
the top. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Diagram of the hCAM layers deposited 
on both sides of the PET membrane.  Figure 3. Micrograph of HepG2 (green) and 

NIH-3T3 (red) cells while being trapped in a multilayer 
device.  Scale bar: 100 !m. 

 
 
The cells were still viable 24 h after the DEP trapping experiment.  Figure 4 shows HepG2 cells (green) and 
NIH-3T3 cells (red) attached on opposite sides of the PET membrane.  The insert shows a 2D image taken from 
3D stack images of two cells separated by the PET membrane.  This new approach demonstrates an easy and 
rapid way of cell enrichment and attachment on the bottom side of a PET membrane and cell attachment via 
hCAM on the top channel of a multilayer microfluidic system.  
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Figure 4. Micrograph of NIH-3T3 (red) and HepG2 (green) cells 24 h after seeded.  The cells were still attached 
on both sides of the PET membrane.  The black horizontal lines are the gold microelectrodes deposited on the 
PET membrane.  The insert shows a 2D image from 3D image stacks (after deconvolution processing) of the 
spatial arrangement of one HepG2 and one NIH-3T3. The black space between the cells indicates the position of 
the PET membrane. Scale bar: 30 !m. 
 
 
CONCLUSIONS 
 The patterning of gold microelectrodes for DEP trapping on permeable PET membranes and assembly 
of the membrane in a multilayer microfluidic system was accomplished.  The trapping capabilities of DEP forces 
and the hCAM layer were demonstrated by the anchorage of HepG2 cells to the bottom of the membrane, despite 
gravity and fluid flow field.  NIH-3T3 cells were anchored onto the top side of the membrane via the hCAM to 
generate a co-culture separated by the PET membrane.  Cells were viable 24 h after cells were DEP trapped and 
spread across the membrane on their respective sides.  This is a first effort in obtaining a co-culture system in a 
microfluidic device where cells are attached on the PET membrane using DEP forces.  This system could 
potentially become a powerful tool to study cell-cell interactions in cell co-cultures (e.g. cell-cell communication 
and cell migration), where conditions can be tuned independently to accommodate the best growth and function 
conditions for each cell line.  These devices represent a unique platform to interrogate cells in ways that have yet 
to be envisioned. 
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ABSTRACT 
    Screen for drugs that specifically kill epithelial cancer stem cells (CSCs) has not yet been realized due to 
the rarity of these cells within tumor cell population and their instability in culture [1]. Here we present a 
microfluidic chip that can facilitate culture and enrichment of cells with CSC-like properties in vitro. 
Furthermore, we show that human epithelial cancer cells can grow to a tumor spheroid, acquire properties of 
mesenchymal cells (an increased ability of migration), and have a gain of CSC properties (an increased drug 
resistance). In addition, this chip requires no external pumps and tubings yet being pipette-friendly in usage. 
 
KEYWORDS 
Cancer stem cell, microfluidic, spheroid, drug resistance, pipette-friendly, EMT 

 
INTRODUCTION 

A direct link between epithelial-mesenchymal transition (EMT) and the gain of epithelial stem cell 
properties, anincreased ability to form mammospheres, has been demonstrated [2]. In addition, to create the 
cellular micro-environment and recapitulate the physiological conditions, a chip capable of generating 
precisely micro-scale patterning of cells is crucial. Based on these, we propose patterning of epithelial cancer 
cells in a microchip, with particular feature of cell low-attachment as such heterologous tumor spheroid will 
form cells as they undergo EMT, acquire an increased metastatic ability, and have properties of stem cells. 
 
EXPERIMENT 

Figure 1 shows the schematics of the microfluidic chip and procedures of drug screening on cancer 
stem-like cells induced from the microscale culture. This chip includes an engineered PDMS membrane, top 
and bottom channels, and four open wells for introducing agents by manually pipetting as described [3]. 

 
RESULTS AND DISCUSSION 

Figure 2 shows 3D culture on chip can generates cells with enhanced EMT properties, in which cells from 
the microchip acquired fibroblast-like appearances [Figure 2(a)] and had a lower expression of epithelial 
marker (CD326/EpCAM) and a higher expression of mesenchymal marker (vimentin) to those in traditional  

 

  
(a)                                              (b) 

Figure 1: Schematics showing (a) the microfluidic chip design, including a 3D perspective view of the cell 
handling area and photograph of the fabricated chip, and (b) procedures for drug screening on cancer 
stem-like cells from a primary tumor, in which A-A’ cross section is from (a). BL/VL, blood vessels/lymphatic 
vessels. Cells used in this study were human ovarian cancer cells, SKOV3.
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(a)                                              (b) 
 

 
(c) 

Figure 2. 3D culture on chip generates cells with enhanced EMT traits. (a) Differential cell morphology on cells 
between on chip and traditional 2D cultures (SKOV3-Cntrl). (b) Immunofluorescence detection of CD326/EpCAM 
(red), vimentin (green), and Hoechst nuclear staining (blue) with cell monolayers from (a). (c) Total area signal 
intensities in the cell monolayers. Data represent the mean ± SD, n=5, (*-p<0.05, **-p<0.01). Scale bars, 100 μm. 
 

 

Figure 3. Migration of tumor cells in 3D in the microfluidic chip. Results show some cells migrated to a distant site 
(~200 μm far) from the primary spheroid at day 7. Scale bar, 100 μm.  
 
2D cultures [Figures 2(b) and (c)]. Metastasis causes most cancer deaths, yet this process remains one of the most 
enigmatic aspects of the disease. In this work, we have also demonstrated this microchip has the feasibility of 
recapitulating the migration of tumor cells in 3D matrices in vitro (Figure 3), which may enable the modeling of 
complex metastatic cascade in the near future. 

Drug treatment of cancer cell populations leads to concomitant enrichment for CSCs and for cells that have 
undergone an EMT [1]. We therefore examined whether ovarian cancer cell populations that have been  
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Figure 4. Viability of native ovarian epithelial cells (SKOV3-Cntrl) and cells induced through EMT (SKOV3-SP1) 
treated with two chemotherapy compounds. Data represent the mean ± SEM, n=3. 

 
experimentally induced into EMT also share this aspect of CSC biology, namely an increased resistance to 
chemotherapeutic drugs. We found that SKOV3-SP1 cells were more resistant than SKOV3-Cntrl cells (parental cell  
lines) to two commonly used chemotherapeutic drugs, cisplatin (~20-fold increase in IC50) and paclitaxel (~40-fold 
increase) (Figure 4). 
 
CONCLUSION 

In conclusion, we interrogated a microfluidic chip that can facilitate tumor spheroid cultures and drug screens. 
Furthermore, we demonstrated this microchip can enhance EMT properties from cultured spheroids and has a 
potential for the study of cancer metastatic cascade. In other words, this microchip may achieve a potential long-term 
goal for the possibility of accomplishing “organotypic cultures” that represent in vitro tumor microenvironment for 
personalized drug screening. 
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ABSTRACT
We propose a method to construct a biohybrid tissue-like structure. In this structure, muscle fibers are fixed at 

several poles and maintain their tensions, and gold electrodes are located at the edges of the muscle fibers. Therefore,
we can exercise contractions of the specific muscle fibers via the electrodes. Since a device with muscle fibers and 
electrodes is free-standing, it can be integrated in three-dimensional (3D) in vivo-like environments composed of 
living cells and extracellular matrixes (ECMs). We believe that our method is useful for fabrication of 3D hierarchic 
muscular structures for the evaluations of muscle behaviors in in vivo-like conditions.

KEYWORDS
muscle, flexible electrode, 3D structure, biohybrid device, parylene.

INTRODUCTION
A muscle fiber is a microsized linear actuator.

When they are stimulated electrically, 
voltage-dependent Ca2+ channels are opened to 
introduce Ca2+ from the sarcoplasmic reticulum into 
the cytosol, and the Ca2+ influx induce contraction of 
muscle fibers [1]. Moreover, the power of the 
contraction depends on quantity of electricity and 
electrical pulse time, and the contractions are
synchronized with electrical stimulations [2]. Owing
to their controllable contraction and their high 
energy-conversion efficiency [3], reconstructed
muscle fibers in vitro are useful for not only tissue 
engineering but also soft-robotics. Recently, many 
researchers have proposed devices combining muscle 
fibers with micro structures [4, 5]. However, it is 
difficult to apply stimuli to specific muscle fibers 
when they are packaged in other components because 
electrodes are not connected to each muscle directly. 

Here, we propose a method to produce a 
free-standing device that muscle fibers are integrated
with flexible electrodes. In the device, the muscle 
fibers kept their configuration and tension because 
they are fixed at the several poles on the substrate;
cell culture under high tension is important for 
various muscular functions including a contraction of 
skeletal muscle fibers [6]. In addition, we can embed 
the device with muscle fibers in ECM and confined 
by layer of other cells. Since this device has 
electrodes, we stimulate the muscle fibers electrically 
via the electrodes even when they are packaged in 
ECMs and cells.

EXPERIMENT
1. Materials

Dulbecco’s modified eagle’s medium (DMEM), 
phosphate buffered saline (PBS), horse serum (HS)
were purchased from SIGMA-Aldrich. Fetal bovine 
serum (FBS) was purchased from Japan Bioserum Co. 
Ltd. Other chemicals were purchased from Kanto 
Chemical Co., Inc and Wako Pure Chemical 
Industries. 

A growth medium for muscle cells are 
composed of DMEM with 10% (v/v) FBS, 100 U/mL 

Figure 1: (a) Schematic diagram of the device with 
flexible electrodes. In the device, there are poles to fix 
edges of muscle fibers, and wires to electrically stimulate
the muscle fibers. (b,c) Fabrication flow of producing the 
device with muscle fibers and flexible electrodes. (b) 
Putting the poles of the device into a ditch filled with 
ECM hydrogel with muscle cells. (g) After 4 days culture, 
we release the device with muscle fibers and electrodes 
from the ditch..
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penicillin and 100 μg/mL streptomycin. Meanwhile, a 
differentiated medium for muscle cells are composed 
of DMEM with 2% (v/v) HS, 100 U/mL penicillin 
and 100 μg/mL streptomycin.  

We used parylene (Parylene C) as a material 
of flexible electrodes. Parylene is appropriate to be a 
base of the flexible electrodes (thickness: 12 μm) 
because parylene has a biocompatibility, workability, 
and flexibility. 

The poles to fix edges of muscle fibers were 
fabricated by stereolithography machine (Perfactory, 
Envision Tec.). The resin used in stereolithography 
consists of acrylic oligomer, dipentaerythritol 
pentaacrylate, propoxylated trimethylolpropane 
triacrylate, photoinitiator and stabilizers. The poles 
were coated by parylene to improve their 
biocompatibility. We used a photocrosslikable glue 
(LOCTITE 3301, Henkel) when we bonded the poles 
on a parylene sheet.   

 
2. Cell culture 
     To prepare muscle cells, we dissected hind 
limbs of rats (neonatal days 1-2). After a treatment of 
type-II collagenase to dissected hind limbs, primary 
rat myoblasts are collected by centrifugation. 

 All rats dissected in our experiments were 
maintained in accordance with the policies of the 
University of Tokyo Institutional Animal Care and 
Use Committee. 
 
3. Fabrication method 

To fabricate the device with muscle fibers and 
electrodes, we first produced a parylene sheet with 
patterned gold lines on a glass plate by standard photolithography, and peeled off the sheet from the plate. After 
bonding wires and substrates with poles on the sheet, we selectively patterned parylene on the sheet to make no 
parylene coated areas; at these areas, gold electrodes are exposed to be current-carrying parts. By cutting and folding 
the no parylene coated areas, we bonded the areas on the side wall of each substrate. Consequently, we obtained a 
flexible device with electrodes (Fig. 1(a)). For sterilization of the device, we dipped it in ethanol, dried it in a clean 
bench, and exposed it to ultraviolet lights over 1h. Subsequently, we prepared a poly(dimethylsiloxane) (PDMS) 
mold with same height as the poles, and put the poles of the substrates to a ditch filled with ECM hydrogel and 
muscle cells (Fig. 1(b)). Muscle cells in the ECM hydrogel differentiated into muscle fibers after 1 day culture in 
growth medium and 3 days culture in differentiated medium. The muscle fibers were tangled in the poles to fix 
themselves. Finally, we released the device from the ditch and obtained free-standing devices with muscle fibers and 
flexible electrodes (Fig. 1(c)).  

 
RESULTS AND DISCUSSION 

Figure 2(a) shows the device with muscle fibers and flexible electrodes. The free-standing muscle fibers were 
fixed at the poles. Therefore, the muscle fibers kept their configuration on the device.  

To evaluate the muscle fibers of the device, we transmitted electrical stimulations via the gold electrodes and 
observed bending of the device by contractions of the activated fibers. Figure 2(b, c) shows that the contractions of 
the muscle fibers coincided with electrical stimulations and changed according to the amount of stimulus time. This 
result shows that the muscle cells were differentiated into muscle fibers in the ditch of PDMS, and they have skeletal 
muscle properties [6]. Thus, these results indicate that the curvature of the device and the contraction of the muscle 
fibers are controlled by amount of electrical stimulations. 

To demonstrate the ability of the package, we firstly embedded the device with muscle fibers and electrodes in 
collagen using a molding method. After gelling collagen and uncovering a mold, we cultured 3T3 cells on the 
collagen. Finally, the device with muscle fibers and flexible electrodes was confined by the collagen and a layer of 
3T3 cells, resulting construction of a hybrid tissue-like structure. In the structure, we confirmed that almost all of 
3T3 cells and muscle fibers are alive. Since the molding method facilitates integrating samples into arbitrary shaped 
casting gel, we can package the device into complex shaped collagen covered with 3T3 cells. We believe that our 
method is useful not only to produce biohybrid tissue-like structure, but also to assay muscle fibers in 3D tissue-like 
environments and to fabricate structures combined with organic and inorganic materials. 

 

Figure 2: (a) Image of the device with muscle fibers and 
flexible electrodes. (b, c) Contraction displacement of the 
device with muscle fibers and electrodes by electrical 
stimuli ((b) electric field: 7.5 V/mm, (c) electric field: 7.5 
V/mm, duration: 20 ms). 
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CONCLUSION 
We realized the device with the free-standing muscle fibers and the flexible electrodes, and contraction of the 

device by electrical stimulations via the flexible electrodes. In addition, we succeeded in embedding the device into 
collagen gel covered by 3T3 cells. These results indicate that the device have potentials to become bio-actuators with 
complex structure and hierarchic configuration. Thus, although the results in the manuscript are preliminaries, we 
believe that our method is useful for fabrication of 3D hierarchic muscular structures to evaluate muscle behaviors in 
in vivo-like conditions. 
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ENGINEERING STABLE MICRO-CAPILLARY STRUCTURES BY 
CONTROLLED 3D-COLLAGEN MICROCHANNELS 

Yukiko T. Matsunaga1,2, Nathalie Brandenberg1, Yuuki Okubo1 
 

1The University of Tokyo, Japan, 2PRESTO, JST, Japan 
 
ABSTRACT 
    This paper describes a simple and a rapid method to form stable microvasculatures in the collagen 
microchannels by geometrically controlling endothelial cells. We developed a semi-opened collagen gel 
microchannels that allow fluid-dynamically accumulating cells by loading with a simple pipetting method. 
Accumulated endothelial cells at a high density in the micro-space of collagen channel interacted each other, and 
formed continous microvasculature-like lumen structures within 24 hours. The developed platform can be used for 
angiogenesis study and regenerative medicine as the engineered grafts. 
 
KEYWORDS 
Tissue engineering, Microvasculatures, Microfluidic chip, Angiogeneis 

 
INTRODUCTION 

Microvascularization has a crucial role in all animal tissues. In this respect, in vitro microvascularization 
engineering has long been one of the biggest challenges for tissue engineering [1]. Over the past two decades, 
researchers showed culturing endothelial cells on/within three-dimensional (3D) extracellular matrices (ECMs) and 
two-dimensional (2D) micropatterning allow tubular formation of endothelial cells. These methods rely on 
endothelial cells to self-organize into capillary-like structures. More recently, researchers have been suggesting that 
controlled geometry of the cultured cells is important for microvasculature formation. For example, Chen’s group [2] 
have demonstrated that geometrically controlling endothelial cells within the 3D environment (i.e. embedding cells 
within micro-structured collagen gel at higher cell density) efficiently accelerate tubular formation of endothelial 
cells. Even though this work opened new perspectives on in vitro microvasculature formation, perfusion properties 
into the constructed microvasculatures for the next application (i.e. fabrication of engineered tissues with 
vasculatures) remain to be studied. Thus, in this study, we developed a method allowing the rapid formation of stable 
lumen structures based on the vasculogenesis process as a tool for angiogenesis studies (Fig. 1).  

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1: Concept of this study. Engineering microvasculatures by geometrical control of endothelial cells using 
microfluidic end-closed collagen microchannels. 
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EXPERIMENT 
Fabrication of end-closed collagen gel microchannels 

To prepare the end-closed collagen microchannels, we gelated collagen type I (2.4 mg/mL) for 20 min in a 
PDMS hosting chamber including a needle (120 µm in diameter) as a channel mold. Inlet and outlet reservoirs are 
surrounding the collagen chamber as shown in Fig. 1. The needle was then removed, and collagen gels were 
immersed with cell culture media for 10 min. 
 
Cell culture in the collagen gel microchannels 

HUVECs at passage 3 to 6 were used in this study. HUVECs were obtained from Lonza, and they were 
maintained at 37°C in 5% CO2 in EGM-2 on the tissue culture polystyrene dishes. Harvested cells were suspended 
into the EGM-2, then loaded in the inlet reservoir by pipetting to accumulate within the collagen gel microchannels. 
The cells within the channels were incubated at 37°C in 5% CO2. Cell culture media was changed every 12 hours. 
 
Tube formation analyses 

The samples were carefully washed with phosphate buffered saline (PBS), and then fixed with 4% 
paraformaldehyde in PBS for 30 min. After permeabilization with 0.5% Triton X-100 in PBS at 25°C for 10 min, 
cells were blocked with 1% bovine serum albumin (BSA) in PBS at 25°C for 60 min, and reacted with 1:200 Alexa 
Fluor 488-conjugated phalloidin (initial conc. 200 U/mL; Invitrogen) at 25°C for 2h. Hoechst 33342 (DAKO) was 
added at 1:1000 dilution, and reacted at 25°C for 5 min. After wishing with PBS, the stained cells were observed 
under a fluorescence confocal microscope (LSM710; Carl Zeiss, Hallbergmoss, Germany) using the objective lens 
(Plan-fluor, 20X, NA=0.5, Carl Zeiss). 
 
Cell viability assay 

After 6, 18, 24, and 48-hour culture period, the cells within the collagen gel microchannels were washed three 
times with cell culture media without FBS, and Live/Dead assay reagent (Invitrogen) constituted according to the 
supplier’s protocol was added. The samples were incubated at 37ºC in 5% CO2 for 15 minutes, and observed under a 
fluorescence confocal microscope. 
 
 
RESULTS and DISCUSSION 

We successfully accumulated HUVECs within the end-closed collagen channels (channel diameter: 120 µm). 
After 6 hours, we observed that the cells interacted with each other, then formed tube-like structures at 24 hours (Fig. 
2). After 48 hours, the cells appeared to undergo internal rearrangements to finally invade into the collagen 
significantly, showing sprouting behavior known as angiogenesis process of vasculatures. 

We also performed analyzing more in details whether these tubular structures had continuous lumen. To visualize 
the structure of cultured cells within the collagen microchannels, we performed immunostaining against F-actin and 
nuclei using Alexa488-conjugate phalloidin and Hoechst 33342, subsequently. We observed that cells form 
continuous lumen structures at 24 hours and 48 hours (Fig. 3). 

To further investigate cell behavior within this 3D configuration, we analyzed that the cell viability using 
Live/Dead assay at the same time points. We found that the cells were significantly viable over the 48 hours. This 
result indicates that our cell loading process and the cell culture environment within the collagen channels are mild 
enough for cells. 
 

 
Fig. 2: Microscopic views of HUVECs accumulated within the end-closed collagen microchannels. We observed 
that the collagen microchannels are fully occupied with cells. After 6 hours, cells appeared to form tubular structures. 
White arrowheads show that the cells also started to sense their environment at 6 hours. Finally, the arrowheads at 24 
and 48 hours show the presence of structures similar to endothelial sprouts. Scale bars: 100 µm. 
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Fig. 3: Fluorescence confocal microscopies of HUVECs accumulated within the collagen microchannels after the 
24-hour culture period. F-actin and cell nucleus were visualized using Alexa488-conjugated phalloidin (green) and 
Hoechst 33342 (blue), subsequently. 
 
 
CONCLUSIONS 

We demonstrated a reproducible method of stable tubular formation of endothelial cells by geometrical control of 
cells using a end-closed collagen microchannels. We successfully accumulated cells within the collagen channels, 
and cultured them as viable. At 6-hour culture period, cells started interacting each other, then formed tubular 
structure within 24 hours. At 48 hours, we observed that the formed microvasculatures showed sprouting behaviors, 
indicating that the formed microvasculatures behave as in vivo-like microvascultures. Since our system can be 
embedded different cell types of cells within outer collagen gels, engineered tissue grafts having microvasculature 
will be fabricated. 
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A TECHNIQUE FOR MEASURMENT OF DIELECTRIC PROPERTIES 
OF CELLS BY SIMULTANEOUS USE OF ELECTROROTATION 

AND NEGATIVE DIELECTROPHORESIS 
Song-I Han, Young-Don Joo and Ki-Ho Han 

Inje University, South Korea 
 
ABSTRACT 

We introduce a technique for measurement of dielectric properties of cells using superposed signals, which can 
simultaneously induce negative dielectrophoretic (nDEP) force and electrorotational (ROT) torque. Cells were 
trapped and levitated in the center of a 3D octode by the nDEP force and concurrently rotated by the superposed 
ROT torque. By using the proposed technique, area specific membrane capacitances and cytoplasm conductivities of 
human leukocyte subpopulations and metastatic human cancer cell lines were analyzed.  
 
KEYWORDS 
Dielectric properties of cells, Dielectrophoresis, Electrorotation, Human leukocyte subpopulations, Metastatic 
human cancer cells 

 
INTRODUCTION 

Conventional ROT measurement for analyzing dielectric properties of cells is performed with a polynomial 
electrode array with a rotating field. This method however suffered from friction, aggregation, and adherence to the 
electrode in specific frequency ranges. Alternatively, optical tweezers [1] or ac field cage [2] were used for trapping 
cells during ROT measurement. Nevertheless, these techniques have still limitations due to expensive to use and 
difficult to simultaneously realize cell trapping and ROT in effective. Therefore, in this paper, we present a ROT 
measurement technique, which can rotate a single cell while it is trapped and levitated in the center of a 3D octode 
by simultaneous use of nDEP force and ROT torque. 
 
WORKING PRINCIPLE 

When cells, suspended in a 32.6 mS/m low conductivity medium, are injected, they are passing through a 
microchannel including a 3D octode by capillary force. When a cell reaches the central region of the 3D octode, the 
nDEP signals with out-of-phase are applied to the 3D octode for generating the nDEP force, as shown in Figure 1. 
The cell is then trapped and levitated in the center of the 3D octode by the nDEP force. Subsequently, ROT signals 
with 90° phase difference each other are superimposed to the nDEP signals, thereby generating waveforms 
superposed by the ROT and nDEP signals. As the superposed signals are applied to the four electrode pairs, the 
trapped cell starts to rotate. A single-cell ROT spectrum can be efficiently measured because the nDEP force repels 
other cells from the 3D octode. 
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Figure 1. Schematic diagram of the ROT-microchip and the applied superposed signals including the nDEP and ROT 
signals 
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Figure 2. Photographs of (A) the fabricated ROT-microchip and (B) enlarged view of the 3D octode in the 

microchannel 

 

 

EXPERIMENT 

The ROT-microchip (Figure 2) was fabricated using 0.7-mm thick bottom and top glass substrates and 

SU8-to-SU8 thermal bonding. For generating the nDEP and ROT signals, we used a two channel function generator 

and a four channel arbitrary waveform generator. The superposed waveforms were produced by a homemade signal 

processing circuitry. Using the superposed signals, rotation of a single cell trapped in the center of the 3D octode was 

measured in a frequency range of 10 kHz to 10 MHz at four points per decade. The rotation was recorded during 30 

seconds at each frequency and the rotation rate was calculated.  

 

RESULTS AND DISCUSSION 

To observe relation between rotation rate of cell and the nDEP force, rotation rate of a T-lymphocyte was 

measured for varying peak voltage of the nDEP signal. For the measurement, a T-lymphocyte was trapped in the 

center of the 3D octode (Figure 3(A)) by a 2 V peak nDEP signal. By the nDEP signal, the T-lymphocyte was 

levitated at approximately half-height of the microchannel. Figure 3(B) shows the rotation rate of a trapped 

T-lymphocyte for varying peak voltage of the nDEP signal. As 100 kHz, 0.4 V peak ROT signals were applied to the 

3D octode, rotation rates of the T-lymphocyte were measured following the various peak voltages from 0.01 to 5.5 

with 20 kHz frequency. For the nDEP signal higher than 1.5-V peak, the rotation rate maintained at 1.4/s. At lower 

than 1.5-V peak, the rotation rate decreased. It may be caused by a friction between the cell and the substrate, 

because the cell was not completely levitated. This result also explains that the rotation rate is not influenced by the 

nDEP force since the cell is levitated. 

Using the superposed signals, the ROT spectra of human leukocyte subpopulations (T-lymphocytes, 

B-lymphocytes, granulocytes, and monocytes) and metastatic human cancer cells (SkBr3 and A549) were measured 

in a frequency range of 10 kHz to 10 MHz (Figure 4). Dielectric properties of the measured cells (Table 1), such as 

cytoplasm conductivities and specific membrane capacitances, were extracted by the best fitting between the 

measured ROT spectra and theoretical results based on the single-shell dielectric cell model. Table 1 shows that 
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Figure 3. (A) A photograph of a trapped T-lymphocyte in the center of the 3D octode by the quadrupole nDEP force. (B) 

Measured rotation rate of the trapped T-lymphocyte for varying peak voltage of the nDEP signal. 
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Table 1. Dielectric properties of human leukocyte subpopulations and cancer cells 

 

 

T-lymphocyte has the largest value of the cytoplasm conductivity, σint, among the leukocytes and granulocyte has the 

smallest value. Cancer cell lines (SkBr3 and A549) have generally small cytoplasm conductivity comparison with 

leukocytes. In comparison, T-lymphocyte has the smallest value of specific membrane capacitance, Cmem, and 

monocyte has the largest value. The specific membrane capacitances of the cancer cells exhibited larger than those 

of human leukocytes, because the cancer cell membrane is usually composed of many folds, ruffles and also pits.  

 

CONCLUSION 

This study showed that the electrorotation technology could exactly measure a ROT spectrum of a single cell 

with high reliability. The biggest advantage of our technique is that it could solve the problem of friction between a 

cell membrane and the surface of the microchannel. Furthermore, the proposed technique allowed for measuring the 

ROT spectrum of a cell at the range of high frequency (>100 Hz), which generates positive DEP (pDEP) force on the 

cell. Although the cell was attracted by the pDEP force, it remained stationary in the center of the 3D octode by the 

applied nDEP signal. In addition, the rotation rate of a cell according to the frequency of the ROT signal was 

analyzed based on the single-shell dielectric cell model. The dielectric properties of the normal leukocytes and 

cancer cell lines could be extracted by the best fitting between the analysis results and the measured ROT spectra. 

Consequently, the proposed ROT measurement technique using the electrical method only can be used to analyze the 

accurate dielectric properties of cells, which can be applied for many cellular assays, such as cell identification and 

classification. 

 

 

Frequency (Hz)
1k 10k 100k 1M 10M 100M

-3

-2

-1

0

1

2

  T cell

  B cell

  Granulocyte

  Monocyte

  SKBR-3

  A549

 

1k

R
o

ta
ti

o
n

 r
at

e 
(S

-1
)

10k 100k 1M 10M 100M

0

-1

-2

-3

1

2

 
 

Figure 4. Measured ROT spectra for human leukocytes and metastatic human cancer cell lines suspended in a 32.6 

mS/m
 
low conductivity medium. Continuous lines show the best fits of the single-shell dielectric model of the cells. 

 

REFERENCES 

[1] S. M. Block, D. F. Blair, and H. C. Berg, Compliance of bacterial flagella measured with optical tweezers, 

Nature, 338, pp. 514-518 (1989). 

[2] T. Schnelle, R. Hagedorn, G. Fuhr, S. Fiedler, and T. Müller, Three-dimensional electric field traps for 

manipulation of cells, Biochimica et Biophysica Acta (BBA), 1157, pp. 127-140 (1993). 

 

CONTACT 

K.-H. Han, +82-55-320-3715 or mems@inje.ac.kr 

Cell type Number Radius (μm) Cmem (mF/m
2
) σint (S/m) εint 

T-lymphocytes 9 3.6±0.55 7.01±0.91 0.53±0.1 100 

B-lymphocytes 8 3.6±0.6 10.33±1.6 0.41±0.1 100 

Granulocytes 12 4.3±0.55 9.14±1.06 0.31±0.06 100 

Monocytes 6 4.8±0.55 11.77±2.12 0.37±0.15 100 

SkBr-3 7 7.34±0.64 14.83±1.74 0.34±0.06 100 

A549 12 6.9±1.07 16.95±2.93 0.23±0.05 100 
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AN OPTO-THERMOCAPILLARY CELL MANIPULATOR 
Wenqi Hu, Qihui Fan, Kelly S. Ishii, and Aaron T. Ohta 

Dept. of Electrical Engineering, University of HawaiÔi at M!noa, USA 
 
 
ABSTRACT 

Single yeast cells in an agarose solution were patterned using the optically controlled thermocapillary flow 
surrounding a vapor bubble in the solution. After cell patterning, the agarose solution was gelled, and the cells were 
able to grow in this 3D biocompatible scaffold. Of the 12 cells in the initial pattern, 11 underwent multiple cell 
divisions during culturing for nine hours. This opto-thermocapillary manipulation provides a unique, cell-friendly 
method of patterning for cell and tissue cultures and associated research. 
 
KEYWORDS 
Thermocapillary flow, cell manipulation, cell patterning 

 
INTRODUCTION 

Single-cell manipulation is traditionally done by micromanipulators [1], macro-scale instruments equipped with 
micro-scale end-effectors. However, these systems require skilled operators and have limited throughput. The 
programmable manipulation of multiple cells can be achieved by optical tweezers systems [2]. Cell manipulation using 
optical tweezers is programmable and can be automated, but illuminating cells with intense laser light can cause cell 
damage [3]. Another programmable optical cell manipulation tool is optoelectronic tweezers (OET), which uses light to 
modulate electric field gradients, creating dielectrophoretic force that can move cells [4]. The light used for OET is 
much less intense than that of optical tweezers; however, the electrical properties of the cell media can affect 
manipulation [5]. 

In this report, optically induced thermocapillary flow is utilized for single-cell manipulation. This technique is 
compatible with a standard optical tweezers setup, but its manipulation force is independent of the objectsÕ optical 
properties, and does not require direct illumination of the cells under manipulation. No electric field is applied, making 
this system compatible with a wide range of physiological media. In addition, the system uses an open fluidic chamber 
for the cell manipulation, which facilitates cell culture and harvesting after the cell patterning. Similar techniques were 
previously reported for the manipulation of glass beads [6], [7] and the patterning of polystyrene beads [8]. The 
technique described here uses a 980-nm near-infrared laser to generate smaller bubbles (less than 5 µm in diameter) 
than those in refs. [6] and [7], facilitating smaller-scale thermocapillary flow and higher resolution, and enabling the 
manipulation of single microparticles or cells. 

 

 
Fig. 1: Opto-thermocapillary cell manipulation system. Cells reside within an open fluidic reservoir with polyimide-tape 
walls 1.2 mm high. A Peltier chip is used for controlling the reservoir temperature. The inset shows the layers of the 
substrate at the bottom of the open fluidic chamber, and the toroidal thermocapillary flow surrounding a bubble in the 
liquid. 
 

In the current system (Fig. 1), the reservoir is built on a 1.1-mm-thick glass substrate that is coated with a 
200-nm-thick indium tin oxide (ITO) layer and a 1-µm-thick amorphous silicon (a-Si) film. A 980-nm diode laser is 
focused on this absorbing film, with an intensity of 508 kW/cm2 at the focal point. The substrate converts 70% of the 
laser intensity into heat [7]; this localized heating generates the bubbles used for manipulation. The temperature 
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difference at the bubble surface leads to a toroidal thermocapillary flow that moves towards the bubble near the surface 
of the substrate, and then circulates upwards and away from the bubble after being accelerated by the thermocapillary 
effect at the bubble surface. Cells or other microparticles on the substrate are pulled towards the center of the toroidal 
flow when they are within its range. The target objects, which always move towards the bubble located in the center of 
the laser spot, can be pulled in the desired direction by scanning the laser on the substrate. For example, a 
10-!m-diameter polystyrene bead can be pulled around a feature on the substrate by moving a pulsed laser relative to 
the substrate (Fig. 2a). The laser pulse used has a width of 60 µs at a frequency of 60 Hz. Between each laser pulse, the 
bubble dissolved into fluid quickly due to the dropping vapor temperature and high Laplace pressure (Fig. 2b). The 
following laser pulse generates a new bubble in the desired direction of movement, which continues to pull the target 
objects.  

 

 
Fig. 2: Opto-thermocapillary manipulation (a) Manipulation of a 10-µm-diameter polystyrene bead in 1.5% agarose 
solution. The bead (the smaller object in the image sequence) was pulled around a feature on the substrate (the larger 
object in the center of the images). (b) A 2-µm-diameter bubble was generated after one laser pulse, and dissolved within 
7.1 milliseconds. 

 
CELL MANIPULATION AND PATTERNING 

Pulling velocity increases as the laser pulse width and pulse frequency increase (Fig. 3a), helping with long-range 
trapping and rapid particle manipulation. However, these stronger flows reduce the manipulation resolution, as beads 
that are farther away from the laser focal point are attracted. This is shown in the Figure 3b, which overlays 2000 video 
frames captured over a period of 20 seconds, with the laser positioned among 10-!m-diameter beads. Thus, the laser 
pulse widths can be adjusted as desired to achieve stronger forces or precision micromanipulation.  
 

 
Fig. 3: (a) Measured velocity while pulling 10-µm- diameter polystyrene beads in 1.5% agarose solution. (b) Composite 
images over 20 seconds, taken under the same conditions as in (a). As pulse width increases, beads are pulled in 
towards the laser over a larger area. 

 
Cell patterning was demonstrated by arranging yeast cells into an ÒHÓ (for Hawaii) in 1.5% 

ultra-low-gelling-temperature agarose solution (Fig. 4). Yeast was chosen in order to have rapid cell division. The yeast 
cells were collected within a 200-µm-radius circular area. Due to higher temperatures and surface tension at the bubble 
surface, the yeast were kept at least 25 µm from the laser spot at all times. This distance keeps the yeast at a safe 
temperature of less than 35 ¼C, as verified by empirical measurements using a thermocouple. A laser pulse frequency of 
60 Hz was used throughout the manipulation (Fig. 4a, 4b). The laser pulse width was set to 60 µs for transporting cells 
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to the assembly sites, and 20 µs for fine adjustments of cell positions. The final pattern contains 12 yeast cells. The 
average yeast diameter is 8 !m and the average distance between each pair of yeast after assembly is 43 !m. After the 
cell patterning was completed (Fig. 4c), the agarose was gelled (Fig. 4d) by lowering the temperature of the fluidic 
chamber to 15 ¡C for 10 minutes. This ensures that the assembled yeast cells remain in place, and the agarose hydrogel 
acts as a scaffold for 3D cell growth. Following agarose gelation, yeast peptone dextrose solution was added to the 
chamber through fluidic ports, and the chamber temperature was raised to 32 ¡C for yeast culturing. Of the 12 cells in 
the initial pattern, 11 underwent multiple cell divisions.  

 

 
Fig. 4: (a-c) Assembly of yeast cells into an ÒHÓ in agarose solution, (d-f) Gelation of agarose and culturing for 9 hours. 
The solution was maintained at 15¡C during gelation and at 32 ¡C at all other times. 
 

The average single yeast manipulation velocities are 10 µm/s and 4 µm/s for the 60 µs and 20 µs laser pulse widths, 
respectively. This relatively low velocity can be improved in the future. Currently, the assembly process is controlled 
manually, and the current manipulation speed gives the operator enough time to ensure that the yeast cells remain at 
least 25 µm from the laser spot. Future autonomous manipulation will be able to maintain this separation with a faster 
reaction time, so the manipulation velocity can be increased. 
 
CONCLUSION 
 

Single cells in an agarose solution were patterned using the optically controlled thermocapillary flow surrounding a 
cavitation bubble in the solution. The agarose solution was gelled, and the patterned cells were able to grow in this 3D 
biocompatible scaffold. This opto-thermocapillary technique provides a unique, cell-friendly method of patterning for 
cell and tissue cultures and associated research. Although the parallel manipulation of multiple cells were not shown 
here, it is possible to achieve this in the future by projecting multiple laser spots on the substrate. 

Several other key parameters of the experiment require further investigations to improve its performance. For 
example, a detailed temperature profile surrounding the bubble could show the cell an accurate safe distance, while the 
relation between laser pulse and the scale of the thermocapillary flow can give a better picture of this toolÕs resolution. 
Finally, current experiment used yeast cells in assembly tasks due to its fast growth. Mammalian cells should be tested 
by the same procedure in the future in order to apply this tool to broader applications. 
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ABSTRACT 

Gene transfection is an important technology in biological applications. Electroporation is one of gene transfection methods 
that deliver extracellular genetic materials into cells by using a high electrical field to forming pores on cell surface. However, the 
high voltage provided by an electroporator may impair cells to survive and cause low efficiency of yield rate. In this study, a new 
platform was developed for gene transfection under a lower applied voltage by utilizing an optical induced non-uniform electric 
field. To obtain higher transfection efficiency, a multi-spot optical image was projected to the gene transfection chip, resulting in 
localized non-uniform electric fields generated from these optical patterns. The experimental results in this study showed that one 
or more plasmid carried fluorescence genes could be effectively transfected into mammalian cells and the cells successfully 
expressed foreign proteins by using the developed optical-induced gene transfection platform. Moreover, the transfection 
efficiency of optical-induced gene transfection platform was significantly higher than the traditional electroporation technology. 
This developed platform may provide a simpler and more efficient tool for gene transfection.  

KEYWORDS 
   gene transfection, optical-induced dielectrophoresis (ODEP), microfluidics 

INTRODUCTION 
In recent years, several gene transfection methods, including physical (electroporation), chemical (calcium phosphate method) 

and biological (viral carrier) techniques, have been widely applied to change cellular properties by introducing foreign genetic 
materials into cells. The gene electroporation has widely applied in a variety of applications including gene therapy, DNA vaccine, 
RNAi and induced pluripotent stem (iPS) cell. Among them, electroporation has been commonly used in gene transfection which 
alters the permeability of cell membrane transiently for extracellular DNA entry. However, large-scale and expensive 
electroporation devices are used and more importantly, relatively high applied voltage (>190 volts) are require, which may limit 
the practical applications of this method. The high voltage may also cause cell damage and lead to extremely low transfection 
efficiency.  

The iPS cell is a kind of cells which are generated from various somatic cells and can be reprogrammed to embryonic stem 
(ES) cells. The iPS cell technology has been demonstrated and commonly used by viral transduction with defined factors carried 
vectors [1]. However, the low yield of the iPS cells and virus-caused damage for therapeutic applications still remain to be an 
issue. To tackle these problems, effective and virus-free gene transfection platform is therefore of great need. In previous study, 
the optical-induced dielectrophoresis (ODEP) was used to manipulate and lyse cells in a non-uniform electric field by projecting 
optical images on a photoconductive material [2]. In this study, a new optical-induced gene transfection platform was developed to 
deliver extracellular DNA into mammalian cells, which may have great potential for iPS study. The new optical-induced platform 
could effectively and simply transfect one or more plasmids into cells. The ODEP-based platform may be demonstrated as a more 
effective and safe tool in iPS cell reprogramming process. 

EXPERIMENT 
The optical-induced gene transfection platform was comprised of a function generator, an ODEP chip, a fluorescent 

microscopy, a commercial digital projector and an image acquisition system, as schematically shown in Fig 1(A). Figures 1(B) 
and 1(C) show an exploded view and a photograph of the ODEP chip. This chip was consisted of a thin layer of amorphous silicon 
coated on indium tin oxide (ITO) glass as a bottom layer, 50-μm double-side tape as a spacer layer and another ITO glass with 
PDMS inlets/outlets as a top layer. The amorphous silicon is a photoconductive material whose resistivity may be changed 
significantly when illuminated by optical images [2]. The 50-μm tape formed a sealed gap between two ITO glass plates such that 
a cell chamber can be formed in the ODEP chip. The top ITO glass plate with two via holes constructed with PDMS was utilized 
for cells inlet and outlet. When 20-μl cells and 10 μg/ml plasmid DNA were co-injected into the chip, a non-uniform electric field 
can be locally induced when illuminating optical images while an alternating current (AC) voltage was applied between two ITO 
glass plates.  

In this study, in order to obtain higher transfection efficiency, a circular pattern composed of multiple optical spots was 
projected onto the chip, as shown in Fig. 2(A). The operating process for gene transfection performed on the chip was 
schematically shown in Fig. 2(B). The cells and plasmid DNA were first loaded into the chip. The cells were then locally 
electroporated by the induced non-uniform electric field and the fluorescence expressed plasmids entered into cells. Then, the 
optically-induced cells were replaced by sucrose solution and collected from the cell chamber. Finally, the cells were cultured in 
Dulbecco's Modified Eagle Medium (DMEM) and high glucose medium and fluorescent protein expression were observed in 
treated cells after 60 hr.  
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Figure 1. (A) Experimental setup of the optical-induced gene transfection platform,(B) exploded view and (C) a photograph of the 

chip. 

      
Figure 2. (A) The optical images observed under a microscope and (B) the operating processes of optical-induced gene 

transfection platform. 
RESULTS AND DISCUSSION 

The optimal operating conditions of gene transfection into embryonic kidney epithelial 293T cells were first explored. 
Different frequencies and voltages were first tested to induce ODEP forces. The results of ODEP response were listed in Table 1. 
The 293T cell line was found to exhibit a positive ODEP force under 100 kHz at 10 Vpp. However, negative ODEP response was 
observed under 15 Vpp at the same frequency. Furthermore, the enlarged cells were observed experimentally under these 
conditions, indicating that the permeability of cell membrane was altered. Furthermore, it was reported that the cells experienced 
negative ODEP force when they were damaged or dead [cite a paper], therefore the operating voltages between 10 to 15 Vpp were 
further tested to determine the optimal conditions for the gene transfection performed on the ODEP-based platform. The optimal 
conditions of electroporation were finally determined to be 13 Vpp under 100 kHz. 

Table 1: ODEP responses of 293T cells at different operating conditions 
Frequency (kHz) Voltage (Vpp) ODEP response 

100 10 Positive 
100 15 Negative 
100 20 Negative 

In order to further investigate the optimal illumination time of every multi-spot illumination, single pEGFPC vector which 
expressed green fluorescent protein was transfected into the 293T cells by using the optical-induced gene transfection platform. 
Illumination time ranging from 5, 10, 15, 20 sec was tested. Note that the intensity of the illumination was measured to be 0.29 
mW. The transfection efficiency of the cells from the optical-induced platform was significantly higher than that obtained from a 
traditional electroporator (BTX ECM600, San Diego, CA, USA) as shown in Fig 3. The maximum efficiency of gene transfection 
could be as high as 6% when 15 sec illumination time was used when 13 Vpp and 100 kHz were applied. Note that the efficiency 
of gene transfection from the electroporator was only 0.05%. 
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Figure 3. The transfection efficiency at different illumination time when 13 Vpp and 100 kHz were applied. Note that the case “E” 

is the result obtained from a traditional electroporator. 
The capability of the developed platform for multiple plasmid transfection was also explored. Figure 4 shows the transfected 

293T cells under fluorescent microscopy observation. The pEFGPC-1, pDsRed-express-1 and pECFP-H2B plasmids, which 
carried green, red and blue fluorescent genes, respectively, were transfected and used as markers to monitor the process of gene 
transfection. The single and triple plasmids co-transfection were successfully achieved by observing green, red and blue 
fluorescence in one single cell, as shown in Fig. 4. Note that the entire process only took 2 min. It is the first time that three 
plasmids can be transfected by using this optically-induced platform. 

The developed system can be further used for single-cell gene transfection. If the light is illuminated on a single cell, then the 
neighboring cells are not electroporated. Since the light can be precisely illuminated on a selected cell, it also opens up a 
possibility to selectively lyse a single cell. Furthermore, continuous gene transfection may be feasible if a microfluidic device is 
integrated with this platform. 

 
Figure 4. The 293T cells were transfected with plasmids by using the optical-induced gene transfection platform and visualized 

under fluorescent microscopy. Cells were transfected with pEGFP-C1 (A-E), pDsRed-Express-1 (F-J), pECFP-H2B 
(K-O) or triple (P-T) and visualized with green (B,G,L,Q), blue (C,H,M,R) or blue-violet (D,I,N,S) excitation filters. 
Transfected cells (white arrows in E ,J, O, T) were distinguished in merged figures. 

CONCLUSION 
Gene transfection is a widely utilized tool and plays an important role in gene regulation research. The new optical-induced 

platform only requires 20-μl of cell sample and a low voltage for gene transfection. Besides, one or more plasmids can be 
delivered into cells at same time by using this platform. The results suggested that the developed optical-induced platform is a 
more effective and simpler tool for gene transfection. The developed ODEP-based platform may be applied for iPS study. 
ACKNOWLEDGEMENTS 
The authors would like to thank the National Science Council in Taiwan for financial support and also appreciate Dr. J. J. Wu at 
Department of Medical Laboratory Science and Biotechnology, National Cheng Kung University for providing access to 
electroporation device 
REFERENCES 
[1] “Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors.”  K. Takahashi 

and S. Yamanaka, Cell, 126, 663-676, 2006. 
[2] "Parallel single-cell light-induced electroporation and dielectrophoretic manipulation," J. K. Valley, S. Neale, H. Y. Hsu, A. T. 

Ohta, A. Jamshidi, and M. C. Wu, Lab Chip, 9, pp. 1714-20, 2009 
CONTACT INFROMATION 

*Dr. Gwo-Bin Lee, Tel: +886-3-5715131 Ext. 33765; gwobin@pme.nthu.edu.tw 

1659



DIRECTED MIGRATION OF CELLS IN CONTACT WITH 
ANISOTROPIC MICROSTRUCTURES  

Maël Le Berre1, Yan-Jun Liu1, Jie Hu2, Paolo Mauri1, Raphael Voituriez3, Yong Chen2,
Matthieu Piel1  

  
1Institut Curie, France, 2Ecole Normale Supérieur, France, 3Universite Pierre et Marie Curie, France 

ABSTRACT 
    This paper reports a novel method to orient both the axis and direction of cell migration, using an array of tilted 
micropillars. . It is well known that chemical or mechanical clues can bias the direction of cell migration. However, 
very few investigations have been done on the base of anisotropy of geometrical features in cell locomotion control. 
Here, we show that surfaces covered by tilted micropillars can direct cell motion in different configurations. The 
versatility and the robustness of this approach make such kind of structures good candidates for both fundamental 
research and advanced applications, orienting cells in contact with an artificial surface. 

KEYWORDS 
Cell migration, surface engineering, microstructures, and tilted pillars.  

INTRODUCTION
In the past, numerous studies have shown that the inhomogeneity of cell factors, such as chemical or mechanical 

gradients, can guide cell migration. For example, NIH-3T3 cells on a substrate with a gradient of stiffness are found 
to move into the stiffer regions [1]. Recently, Mahmud et al. showed that the movement cells could be biased by 
adhesive micro-patterned ratchet [2]. t has been shown that the migrating direction of a neuron can be biased in a 
ratchet shaped microchannel [3]. In this work, we propose to direct cell migration by placing a surface covered by 
tilted micro-pillars in contact with the cells. This method is versatile, since it could be applied on any surface in 
contact with cells, in vivo or in vitro, and does not rely on cells adhering to the surface.    

RESULTS 
The tilted micropillars shown in figure 1b were fabricated from a mold obtained using tilted lithography (fig. 1a) 

[4]. Briefly, a layer of photo-resist was spin-coated directly on a copy of a photo-mask and insulated by the backside 
with a tilted UV light beam. After development, the resist formed a series of tilted pillars which was used to make a 
mold cavity in PolyDimethylSiloxane (PDMS) (RTV615, GE) by just pouring the liquid polymer on the SU8 
structures. After an anti-adhesive treatment of this mold by chemical vapor deposition of trimethylchlorosilane 
(TMCS) (Sigma Aldrich), it was used to fabricate Sample surfaces including tilted pillars either by soft lithography 
of PDMS [5], or by embossing Poly(Lactic-co-Glycolic Acid) (PLGA) (Sigma Aldrich) at 90°C, 120 Bar for 10 min. 

 
Figure 1: Fabrication of tilted micro-pillars. a) Schematic diagram of the fabrication process. b) SEM image of 
tilted micro-pillars. Scale bar is 5 µm. 

To assess the ability of tilted micropillars in the control of cell migration, we placed them in contact with Normal 
Human Dermal Fibroblasts (NHDFs) in two different ways (fig.2a-b): i) By using adhesive tilted micro-pillars as a 
cell culture substrate. In this experiment, pillars were made of PLGA and treated with a fibronectin solution for 30 
min (25 µg/ml in PBS) to promote cell adhesion. NHDF cells were seeded directly on the PLGA substrate before 
observation.  ii) By using non-adhesive tilted micro-pillars to confine fibroblasts migrating on a flat adhesive 
surface. In this case, micro-pillars were made of PolyDimethylSiloxane (PDMS) and treated during 1 hour with 
Pll-g-PEG (SuSoS, Switzerland) to prevent adhesion of cells (500 µg/ml in HEPES, pH 8.4 after activation of the 
surface using a plasma cleaner). Additionally, large PDMS spacers of 5 µm height and 440 µm diameter were 
molded on the flat substrate to control the confinement space of the cells. Before cell seeding, the substrate  was 
incubated in a 50 µg/ml fibronectine solution,  allowing cells to adhere. In both experiments, cell were observed in 
the usual culture medium (DMEM Glutamax+10%FCS+PS, Gibco), DNA of the living cell nuclei was stained with 
HOECHST (150 ng/ml in the culture medium), and cell motion was recorded for 24 h by fluorescence time-lapse 
microscopy under controlled atmosphere (37°C, 5% CO2). Nuclei tracking and migration path statistics were then 
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automatically extracted with a custom made software. 
 
Whereas fibroblasts on a standard culture dish follow a persistent random walk [6] leading to an isotropic 

repartition of the cells around their initial position (fig. 2c left), the cells crawling on the adhesive tilted micro-pillars 
showed a deviation of migrating direction in the tilt direction of the pillars. (fig. 2c-d center). Interestingly, the 
migration of cells confined under the non-adhesive structure was also biased in the same direction (fig. 2c right), 
indicating that the effect is independent of the adhesive properties of the pillars. 

 
Figure 2: Effect of tilted micro-pillars (5 µm high, spaced by 4 µm, tilted by 30°) on NHDF cells migration. From 
left to right: Control experiment; migration on adhesive tilted micro-pillars; confined migration under a cover layer 
with non-adhesive tilted micro-pillars. Red arrows indicate the tilt direction of pillars. a) Schematic diagram of the 
experiments. b) Typical images of cell (gray is phase, blue is fluorescence of HOECHST). Scale bar is 50 µm. c) 
Recorded paths of migrating cells. Scale bar is 100 µm. 

 
We quantified the position of the cells relatively to their initial position after 12 h and found that in both cases, 

most of cells had migrated more toward the tilt direction (fig. 3a). By calculating the distribution of the 
instantaneous direction of migration on the cell trajectories, we found that, in both cases, cells spent more time 
migrating in the preferred direction (fig 3b). However, a notable difference between the two configurations could be 
seen in the recorded cell trajectories: Whereas cells crawling on the adhesive pillars migrated toward the tilt 
direction from the very beginning (fig 2b center), cells migrating in contact with non-adhesive pillars changed their 
direction progressively (fig 2b right). This difference in cell motion dynamics suggest two different migration 
mechanisms. Finally, similar guidance effects toward the tilt direction have been obtained for various geometries of 
pillars and even of other anisotropic structures like 3D micro-prisms (data not shown), confirming that the 
geometrical anisotropy of the cell environment has a robust effect on the direction of NHDF migration.  

 
We believe that our observation is helpful to better understand how cell migration is influenced by the 

geometrical features of the cell environment and that the described phenomenon could be exploited to design new 
scaffolds for tissue engineering, prostheses surface, wound dressing surface, etc. 
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Figure 3: Quantification of the migration bias (same dataset in fig. 2). From left to right: Control experiment; 
migration on adhesive tilted pillars; migration confined under non-adhesive tilted pillars. Red arrows indicate the 
tilt direction of pillars. a) Histograms of directions taken by cells after 12 h of migration. n corresponds to the 
number of measured cells. b) Histogram of instantaneous direction of migration. 
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ABSTRACT 
This paper reports a novel technology to localize the immobilization of different types of particles or cells on a 

surface with a sub-micrometric precision in order to study their interactions. The process uses capillary assembly on 
arrays of crescent-shaped structures with different orientations. Successive assemblies in different substrate orientations 
with different types of particles allow for the creation of imbricated arrays with sub-micrometer particle positioning 
accuracy. Using this process, antibody coated microparticles were assembled on substrates and used as capture patterns 
for the creation of complex cell networks.  
 
KEYWORDS 
Capillary assembly, colloids, multiplexing, biopatterning, cell capture.  
 
INTRODUCTION 

Several teams have already succeeded in assembling locally bacteria [1][2], yeasts[3] or mammal cells[4][5] on 
surfaces, but both the control of the number of cells and the deposition of different types of cells on the same area in a 
deterministic and precise way remain a challenge.  

In our approach we extended the capabilities of capillary assembly to organize multiplexed arrays of functionalized 
particles on surfaces. These particles were further used as traps for the selective capture of living cells. Capillary 
assembly is a powerful technique to pattern structured surfaces with high precision using micro or nano-object suspended 
in a liquid. A colloidal suspension is dragged along a surface topographically patterned with cavities or obstacles. [6]  

 

                   
 

Figure 1. Principle of the capillary assembly process. A colloidal suspension is dragged over a patterned surface. 
Beads are carried away on flat surface by the capillary force Fc, but are selectively trapped in the recessed or protruding 
area. The assembly occurs for contact angle typically between 20° and 60°. 

 
Particles are selectively trapped into the recessed or protruding structures while on the flat areas, particles are carried 

away by the capillary forces exerted by the meniscus and no deposition occurs. This process allows for the creation of 
dense or sparse arrays of particles over large areas at high speed, up to 1mm/s. 
 
MULTIPLEXED PARTICLES ARRAY 

The principle of the multiplexed capture is depicted in figure 2. Our approach relies on the selectivity of the assembly 
process regarding the size, shape and especially orientation of the capture patterns relative to the meniscus direction. In 
this work we investigated arrays of crescent-shaped structures with four different orientations on patterned 
Polydimethylsiloxane (PDMS) samples. We proceeded to successive capillary assemblies by rotating the sample 90° 
before each deposition. By this process four different types of microparticles could be selectively trapped in the 
corresponding structures. The surface was dried after each deposition to ensure particles adhesion to the substrate and 
limit potential release of the already immobilized beads during each assembly step. With this method, imbricated arrays 
of individual objects could be created, with a sub-micrometer placement accuracy. Figure 2 also shows examples of 
micrometric polymer particles with four different colors assembled in a deterministic way on a patterned PDMS surface. 
In this experiment, capillary assembly was done at 20 µm.s-1 at room temperature using the suspensions of beads in a 
50/50 (v/v) mixture of a 10 mM Sodium Dodecyl Sulfate (SDS) solution and a 0.1% (w/v) Triton X-45 solution.  
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Figure 2. a) 3D profilemeter scan of crescent- shaped structures used for the immobilization of particles. The 
structure dimension is adapted to the size of the beads. The height of the structures is around 2µm. b) Principle of 
the multiplexed assembly process. A first assembly is performed by dragging the meniscus perpendicular to the first 
pattern orientation. The sample is then dried, rotated by 90° and another suspension is dragged over the surface. 
By repeating this process, four different types of particles can be selectively immobilized on the surface. c)-d) Bright 
field optical micrographs of an array of dyed beads assembled on a patterned PDMS surface.  
 
MULTIPLEXED CELLS ARRAY 

In another set of experiments, antibody coated particles were assembled and used as anchor points for the specific 
attachment of two types of cancer cells through surface antigen interactions: Human Ovarian Carcinoma cells (Ovcar) 
and Leukemia cells (Jurkat). A cells suspension was incubated on the surface and further washed by successive dilutions 
in buffer to remove unbound cells. Cells were captured with a high yield. Another suspension is incubated and thus a 
second kind of cells is captured. The principle of the technique is depicted on figure 3. 
 

 
 

Figure 3. Multiplexed cell arrays: A cell suspension is deposited on a surface patterned with antibody coated beads. 
Cells sediment on the surface and are captured selectively on the particles. Then the substrate is washed and another cell 
suspension is deposited. The process can be restarted several times to capture several kinds of cells. 
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Figure 4 shows an array of Ovcar cells and a fluorescence image of an array of Jurkat (green) and Ovcar (blue) cells, 
both made by this technique.  

 

   
 

Figure 4. Left: Ovcar cells have been selectively trapped on 4.5 µm anti-CD19 coated particles, thus creating an 
hexagonal cells network. Cells remain viable for culture or molecular typing. The capture yield is around 90%. Right: 
Fluorescence image of an array of stained Jurkat (green, stained with Wheat germ agglutinine, Oregon Green® 488 
conjugate) and Ovcar (blue, stained with Hoechst™ 33342 trihydrochloridetrihydrate).  

 
By this method, imbricated arrays of cells can be easily prepared with a high specificity. The method can be extended 

to any arbitrary arrangement with a sub-micrometric resolution. Moreover, once captured, the cells remain viable for 
culture or any further molecular characterization. We are convinced that the easiness, low cost, effectiveness of this cell 
patterning approach is an enabling tool to develop new high-throughput screening technologies for cell-cell interactions 
studies. 
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ABSTRACT 

In this work we for the first time present a technology which pairs up fluorescence based detection / manipulation of 
individual particles using optical tweezers, with our highly efficient V-cup based trapping scheme. To the best of our 
knowledge, this is the first time that centrifugal microfluidics and optical tweezers have been combined to perform single 
particle manipulations. 

KEYWORDS  

Centrifugal Microfluidic, Cell Capturing, Optical Tweezers 

INTRODUCTION 

Centrifugal microfluidics for lab-on-a-chip applications is a field which has attracted considerable interest in recent 
years, both from academia as well as from industry [1]. The novel, here presented instrumental setup significantly ex-
pands state-of-art microfluidics to sophisticated particle manipulation and detection, thus for the first time enabling appli-
cations involving multiplexed, bead- and cell-based counting, ID, and “cherry-picking” of individual target particles. In 

particular, the integration of fluorescence detection comprises a seminal improvement of our preceding work, where the 
disc had to be cumbersomely moved to a separate microscope [2]. Furthermore we demonstrated in our previous work a 
magnetic actuator for the simultaneous retrieval of all captured particles [3]. In this paper we significantly improved the 
particle manipulation capabilities by adding an optical tweezers module to the setup, thus allowing manipulation of indi-
vidual particles in the array.   

WORKING PRINCIPLE 

This work is based on our previously introduced, V-cup based particle capturing platform. In brief, particles (beads or 
biological cells) sediment under stagnant flow conditions into an array of scale matched V-cups, where they are mechani-
cally trapped with a single-occupancy distribution. Earlier we demonstrated the very high (close to 100%) capture effi-
ciency of this approach and the suitability of the system to perform bead-based immunoassays [2]. The major novelty of 
this work is the integration of an optical module which provides fluorescence detection as well as an optical tweezers 
function. The manipulation of particles using a laser has first been presented by Ashkin and co-workers in 1970 [4], fol-
lowed by the demonstration of the trapping of living cells [5]. In brief, a laser beam is focused through a microscope ob-
jective with a high numerical aperture in order to create a highly focused spot with a steep field gradient. Dielectric parti-
cles such as polystyrene (PS) beads or cells are drawn towards this energy well where they are trapped. The captured 
particles can then be moved by displacing the laser focus, thus forcing the particle to follow in order to remain in the fo-
cus of the laser. For detailed description of the working principle in the ray optics regime (i.e. dparticle >> λlaser) see [6]. 

 
Figure 1: Centrifugal test stand comprising of motor and optical module (a). Optical module with optical tweezers setup, 
fluorescence detection and secondary camera for image acquisition during particle manipulation (b). 
MATERIALS AND METHODS 

The centrifugal test stand setup consists of standard components such as a computer controlled motor, camera and il-
lumination. Furthermore it features an optical module (Fig. 1a). This module incorporates the optical tweezers to manipu-
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late individual microparticles on disc using a 1-W, 1064-nm infrared laser (Roithner Lasertechnik, Austria). The laser is 
focused through a 40 oil immersion microscope objective with a numerical aperture of 1.3 (Zeiss, Germany). This setup 
allows a working distance of 200 µm. The module also features a fluorescence detection part at an excitation wavelength 
of 488 nm and up to six emission filters. Additionally, this module includes a secondary camera (TXG 14f, Baumer, 
Germany) which utilizes the same optical path as the laser to facilitate particle handling and acquisition of fluorescent im-
ages. The whole module is mounted on a computer controlled X-Y stage (Fig. 1b). 

The microfluidic chips used in this work were manufactured in PDMS by casting on a lithographically structured SU-8 
master. Following curing, the PDMS chips were cut to size, inlet holes were punched and the chips were irreversibly 
bonded to glass cover slides (thickness #1, VWR, Ireland) using O2 plasma activation. The design of the chips and the 
holder to receive them on the test stand is outlined in Fig. 2.  

For the experiments involving PS particles, we used FITC loaded beads with a diameter of 12.5 µm (PS FluoGreen) and 
non-fluorescent beads with a diameter of 20 µm (both from Microparticles, Germany). Cell experiments were performed 
using HL60 cells. The cells were fixed off-disc using 4% (v/v) formaldehyde (Sigma-Aldrich, Ireland), then captured and 
subsequently stained by incubation with Propidium Iodide (PI) (4 µl/ml, Invitrogen, Ireland) for 15 min. Subsequently the 
cells were washed twice with PBS containing 5% (v/v) FBS.  

 
Figure 2: Microfluidic chips used in this work, attached to a holder to enable mounting on the centrifugal test stand. The 
insert shows the V-Cup based capturing principle.  

 

RESULTS AND DISCUSSION 

First, the manipulation of a captured PS particle using the optical tweezers is demonstrated. To this end, 20-µm beads 
were captured in the array and next one bead was selected and translated (Fig. 3 a-d). The optical tweezers then re-
arranged previously trapped, fluorescently-labeled beads to represent the letters “BDI” (Fig. 3 e-g). The main application 
of this platform is to capture cells from a suspension to identify and count subpopulations. This has been demonstrated by 
introducing a sample containing HL60 cells, capturing them in the V-Cups and staining them with PI. The stained cells 
were then imaged using the integrated optical module (Fig. 4 a and b). Furthermore, captured cells were then manipulated 
using the optical tweezers. The displacement of a trapped cell to a neighboring cup is shown in Fig. 4 c-f.  

CONCLUSIONS AND OUTLOOK 

In summary we present a decisively improved microfluidic platform which integrates centrifugal particle trapping, 
multi-color fluorescence detection and the capability to translocate single particles using optical tweezers. After demon-
strating the successful on-disc capturing, staining, imaging and manipulation of PS beads and cells, work is currently un-
derway to implement a complete cell screening assay using this platform.  
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Figure 1: Single-bead manipulation using the optical tweezers module. After selecting a bead, the laser is turned on to 
trap the bead and “lift” it from the capturing element (a, b). The bead is then carried to the side and can be removed 
from the array for downstream analysis (c, d). Fluorescent PS beads with a diameter of 12.5 µm have been captured in 
the array and subsequently been re-arranged using the optical tweezers setup to display the letters “BDI” (e-g). Scale 
bars are 50 µm. 

 
Figure 2: HL60 cells have been captured in the V-cup array, stained with PI and subsequently imaged using the optical 
module. Bright field image (a) and fluorescent image (b) of the same area. A captured HL60 cell is displaced from the 
initial capturing element to a neighboring V-cup using the optical tweezers module (c-f) Scale bars are 50 µm. 
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ABSTRACT 

We developed a cell separation system to isolate rare cells from whole blood using off-the-shelf components and 
simple microfluidics. 148 !m diameter avidin-functionalized beads were used to generate a packed bed column for cell 
capture, rather than performing surface functionalization chemistry on chip. Using this system, we demonstrated rare cell 
enrichment by capturing cultured breast cancer cells (MCF-7) spiked into whole human blood at physiologically relevant 
levels

KEYWORDS 

rare cell capture, circulating tumor cell, CTC, beads, EpCAM, MCF-7, whole blood 

INTRODUCTION 

Rare cell capture from whole blood (e.g. circulating tumor cells, stem cells) holds promise for emerging therapies and 
personalized medicine. Highly expressed surface proteins on cells of interest allow high surface-to-volume ratio (S/V) 
solid-phase extraction systems to capture the cells using antibodies. Microfluidic systems with antibody-functionalized 
device surfaces have demonstrated high capture efficiency,[1-4] but can be expensive to generate, irreproducible, and 
poorly amenable to quality control. In this work, we demonstrate a simple microfluidic approach using commercially 
available components and simple microfluidics to capture model circulating tumor cells (CTCs) spiked into whole blood. 

EXPERIMENTAL 

A packed bed of avidin-functionalized beads was generated within a simple microfluidic device using a single weir 
structure (Figure 1a-c). Biotinylated capture antibody (anti-EpCAM) was added to model CTC samples (fluorescently 
stained breast cancer cells spiked into whole human blood), and 200 !L were pumped through each channel over 1 h. 
After the column was washed, fluorescence images were taken (Figure 1d), and immobilized cells were counted along 
the length of the column (Figure 1e). Control samples (lacking the capture antibody) provided a limit of detection 
(p<0.05) of 15 cells captured.  

RESULTS & CONCLUSIONS 

Parallel analysis of multiple dilution series demonstrated high analysis reproducibility and good capture efficiency 
(Figure 2). In each series, a high correlation was observed between the level of cancer cells spiked into whole blood and 
the number of cells captured and counted on the packed bed. Further, capture efficiency was sufficient for detection 
CTCs at physiologically relevant levels ("100 CTCs/ml). 

However, we observed significant variation in the capture efficiency between different blood donors (65 ± 17% and 
36 ± 12% [avg ± 95% confidence interval] for Figures 2a and 2b, respectively). When 3 different blood donor samples 
were tested side by side using the same cell passage and density, differences were observed in both the total cell capture 
as well as the rate of binding to the column (Figure 3). The overall average capture efficiency was 40% ± 23% 
(avg ± SD). 

In conclusion, we designed and characterized a new system that achieved similar functionality to existing 
microfluidic rare cell capture devices, without chemically functionalizing the device surface in situ, and in a disposable 
format. This system allowed capture and enumeration of physiologically relevant levels of cancer cells spiked into whole 
human blood. Total capture correlated strongly with cell density, and significant variability in capture efficiency was 
observed between blood donors. The performance and accessibility of this simple approach will enable engineers and 
biologists to rapidly develop their own rare-cell capture experiments 
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Figure 1 Experimental design and execution. A photograph (a) and schematic (b) are shown of the 5-channel 
microfluidic device with weir.  This geometry allowed the generation a 2D packed bed of large (148 !m diameter), 
commercially available beads. Human cancer cells (MCF-7) were spiked into whole human blood and pumped through 
this packed bed. The large bead size and gaps allowed cells and fluids to pass while ensuring significant solid phase 
contact. Brightfield (c) and fluorescence (d) imaging displayed the 2D packed bed and captured cancer cells. (e) 
EpCAM-mediated cell capture was quantified by enumerating the bright spots along the length of the column (black 
line). Minimal capture was observed in control experiments where no cancer cells (not shown) or no capture antibodies 
(gray line) were added to the whole blood. The total volume of blood analyzed on each column was 200 !L. 

Figure 2 Capture reproducibility and efficiency. The total number of cells captured across a whole column correlated 
strongly with the density of cancer cells spiked into whole blood at physiologically relevant levels. The shaded regions 
show the Working-Hotelling 95% confidence bands for the regressions from two different blood donors (a) and (b). The 
sensitivity in these analyses was 15 captured cells (p<0.05). 
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Figure 3 Capture variability between blood donors. Although replicate analyses were highly repeatable for a single 
blood source, significant variability in capture efficiency was observed between different blood donors with 1000 MCF-7 
cells/mL (approximately 200 cells total used per experiment). Replicate experiments using Blood A show good 
reproducibility. Bloods B and C show different binding characteristics along the columns. 
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IN DETERMINISTIC LATERAL DISPLACEMENT DEVICES 

MasoomehGhasemi1, Stefan H. Holm1, Jason P. Beech1, Mattias Björnmalm1 and Jonas O. Tegenfeldt1,2 
1 Lund University, SWEDEN 

2 University of Gothenburg, SWEDEN 

ABSTRACT 

To better understand how deformable and non-spherical particles behave in sorting devices based on deterministic 
lateral displacement we generate models of biological particles with tunable size, shape and mechanical properties using 
stop-flow lithography and we explore how these parameters play a role in our separation devices. 

Hollow and solid cylinders are compared with respect to their deformability and their overall behavior in the device. 
Future work will expand the approach to a range of particle shapes and to particles with varied hydrogel composition to 
independently control the mechanical properties of the material. 

KEYWORDS 
Deformability, hydrogels, deterministic lateral displacement, separation. 

INTRODUCTION 
Classification of biological and non-biological particles is of paramount importance in many fields of research and 

industry including biology, medicine and tissue engineering .Common criteria in label-free separation are usually the 
size, shape and mechanical properties of particles. So far, deterministic lateral displacement (DLD) devices have shown 
superior resolution in sorting based on size [1], but also much promise for shape [2] and deformability [3] based 
separation. In DLD devices, the trajectories of particles through arrays of obstacles are determined by the effective size 
of the particles (figure 2a) which in turn depends on orientation of non-spherical particles and on deformation for soft 
particles. To understand how exactly these parameters act together is a complex problem and not fully understood. Our 
objective is to gain further understanding about our previous experimental results [2, 3]. 

EXPERIMENT 

In stop-flow lithography (SFL) [4] an aqueous solution, consisting of polyethylene glycol (PEG), photo-activator and 
rhodamine B is polymerized in a microfluidic channel by UV illumination through a photomask (figure 1a). We 
fabricated particles with a variety of shapes and sizes in range 10-16m and tested them in a DLD device, designed to 
separate particles with diameters in the range of 9-21 m. In one part of experiments we looked at the deformation of 
different shaped and sized particles near the posts at various shear rates. We also compared the distribution of these 
particles near the exit of the array to gain information about their effective sizes. 

CONCLUSION 

Figure 1b-g shows both hollow and solid cylinders with outer diameters of 16 m and lengths of 11m, fabricated 
using SFL. Despite having the same outer dimensions, image analysis revealed different behaviors of these two types of 
particles, as plotted in figure 2c-d. By varying the applied pressure we change the shear forces deforming the particles, 
which in turn changes their effective sizes. This is measured by observing the resulting lateral displacement of each 
particle at the exit of the device. In the case of solid cylinders, they showed a constant peak in distribution in lateral 
displacement of 15 gaps for all applied pressures up to 1 bar. The first peak near zero displacement is due to small debris 
present in the sample. Hollow particles on the other hand show no displacement - in effect they behave as if they are 
smaller than the solid cylinders. This difference in distribution (and effective size) can be explained by the greater 
deformability of the hollow cylinders.  

Figure 2b shows a hollow (square) cylinder deforming as it moves past a post. The applied pressure is 200 mbar 
corresponding to the velocity of 7.2 mm/s. The hallow-structured particle rotates with the angle of about π/2 as it passes 
near a post. At very low applied pressures, when no deformation was observable for hollow particles, they rotated at 
higher angles (not shown here). On the other hand, even at the highest pressure differential, solid-structured particles 
despite rotating at high angles (as in the case of hollow particles at low pressures) did not reveal any detectable 
deformation. This difference in the behavior of hollow and solid particles confirms their different distribution in the DLD 
array.  

In future experiments, detailed analysis of different behavior of hollow and solid structures as well as comparing the 
results of experiments with the simulations are necessary to gain further knowledge of the rotation and deformation of 
soft non-spherical particles in the DLD device. An interesting factor to investigate is the influence of the aspect ratio of 
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the particles in their rotation and deformation behavior. Moreover, the deformability rate of these particles can be 

measured in DLD devices with various depths.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.(a) Basic principle of SFL: a monomer solution is polymerized into shapes defined a photomask upon 

illumination by UV light in stop-polymerize-flow cycles. Scale bars in (a) are 50 m. (b) Schematic, (c) confocal 

and (d) fluorescence images of hollow cylinders. (e) Schematic, (f) DIC and (g) fluorescence images of solid 

cylinders. Scale bars in (b)-(g) are 10 µm. 

 

Figure 2. (a) Basic principle of DLD. Particles follow specific trajectories based on their effective size in a DLD. 

Particles with size greater than a critical size are deflected whereas smaller particles follow the flow. (b) Consecutive 

images of a polymeric particle (a hollow square cylinder, 13 µm outer dimensions) being deformed as it passes 

around a post in a DLD device. Normalized particle counts versus gap number (reflecting the amount of displacement 

and thus the effective particle sizes) for hollow cylinders (c) and solid cylinders (d). 
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ABSTRACT 
    This paper describes the incorporation of DNA aptamers with a microfluidic device for the isolation of cancer 
cells from whole blood.  Aptamers with specific binding to leukemia or colorectal cells were used as an alternative 
to antibodies that are often used for circulating tumor cell (CTC) sorting.  The microfluidic device contained unique 
geometry and design of micropillars, and showed better performance than those in the literature.  We applied the 
platform to whole blood analysis, and demonstrated the detection of 10 cancer cells in 1 mL of blood.  The device 
was capable of processing 1 mL of blood within 28 minutes.      
 
KEYWORDS 
circulating tumor cell (CTC), aptamer, whole blood, enrichment, cancer.  

 
INTRODUCTION 

Cancer is one of the leading causes of death and it accounts for millions of deaths every year worldwide.  To 
treat it successfully, early diagnosis of cancers is the key.  Circulating tumor cells (CTC) in the peripheral blood  
are promising biomarkers for early-stage cancer detection.  However, CTC are extremely rare in the bloodstream 
(about 10 CTC in 1 mL of blood), making their detection and characterization technically challenging.  To address 
this, efforts have been made by several research groups, including ours.[1-4]  

The unique contribution of this work includes three folds.  The first distinction is the incorporation of aptamers, 
replacing antibodies that were used in most efforts.  DNA aptamers were generated by cell-SELEX (Systematic 
Evolution of Ligands by EXponential enrichment) and they showed selective and strong binding to target tumor 
cells.[5] The second contribution is the fabrication of unique device geometry to achieve high capture efficiency in 
<30 min. to process 1 mL of sample.  The third one is the capability of the device for isolation of 10 colorectal 
tumor cells from 1 mL of non-processed whole blood.  

 
EXPERIMENTAL 

Device Fabrication.  The device was designed to be in the size of a microscope slide as shown in Figure 1. 
The device consists of >59,000 micropillars, which enhanced the probability of the interactions between aptamers 
and target cancer cells.  The geometric design of the micropillar array was inspired by the deterministic-lateral- 
displacement-based particle separation,[6] in which the flow streamlines are distorted to enhance cell-micropillar 
interactions.  Glass devices were fabricated according to the procedures reported previously.[7] The device was 
functionalized with aptamers through two-step surface modification as shown in Figure 2a: physical adsorption of 
avidin onto the glass surface and immobilization of biotinylated aptamers via biotin-avidin interaction. Target cancer 
cells were captured due to the specific binding between cell surface receptors and aptamers. 

 

Inlet 

outlet 

Channels�

!"#$$%&'()$$$*+''$$,'-.$

(a) (b) 
(c) 

 
 
Figure 1. (a) Picture of a CTC sorting device consisting of 1 inlet, 1 outlet, and 8 parallel channels 
connected through bifurcation. The size of the device is 1” ! 3”. (b) Exploded view of a portion of one 
channel containing a large array of micropillars. (c) Scanning electron microscope (SEM) image of 
elliptical micropillars in the glass substrate.  The curvature sides of micropillars are due to isotropic 
etching of the glass.  The micropillars are in elliptical shape, with a dimension of 30 "m (major axis) ! 15 
"m (minor axis) ! 32 "m (height).  The distance between adjacent pillars is 80 "m and each column of 
the micropillars is shifted down 26.7 "m to have total shift of 80 "m after every 3 columns. 

 
Cell Enrichment. CCRF-CEM cells (CCL-119, T cell line, human acute lymphoblastic leukemia), Ramos cells 

(CRL-1596, B-cell, human Burkitt’s lymphoma), and HCT 116 cells (colorectal carcinoma) were purchased from 
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American Type Culture Collection (ATCC).  DNA aptamers were synthesized in house.  Aptamer sequences were 
as follows, sgc8, 5’-ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GAT TTT TTT TTT- 
3’-biotin; TD05, 5’- AAC ACC GTG GAG GAT AGT TCG GTG GCT GTT CAG GGT CTC CTC CCG GTG TTT 
TTT TTT T- 3’-biotin; KCHA10, 5’-ATC CAG AGT GAC GCA GCA GGG GAG GCG AGA GCG CAC AAT 
AAC GAT GGT TGG GAC CCA ACT GTT TGG ACA CGG TGG CTT AGT TTT TTT TTT T-3’-biotin.  The 
specific binding between aptamers and target cells is illustrated in Figure 2b.  A washing buffer was prepared by 
adding 4.5 g/L glucose and 5 mM MgCl2 in DPBS and it was for rinsing cells.  A binding buffer was prepared by 
supplementing the washing buffer with yeast tRNA (0.1 mg/mL), bovine serum albumin (BSA) (1 mg/mL), and it 
served as the medium for cell-aptamer interactions.  

Before experiments, cells were rinsed with the washing buffer and resuspended at 106 cells/mL The cells were 
stained with Vybrant DiI or Vybrant DiD by following the manufacturer’s instructions.  To initiate cell capture 
experiments, 1 mL of a mixture of CEM cells (target) and Ramos cells (control) in the binding buffer was pumped 
into the channel at a flow rate of 600 nL/s.  At the end of the experiment, the microchannel was washed three times, 
followed by taking fluorescent images for the determination of the cell concentrations.   

Avidin 

Cell 
receptor 

Glass channel 

Cell 

Biotin-
aptamer 

— Cell only 
— Cell with sgc8 
— Cell with TD05 
— Cell with library  

(a) (b) 

 
Figure 2. (a) Scheme of capturing cancer cells in the device. Avidin is immobilized on the surface of the 
microchannels/micropillars via physical adsorption, followed by immobilization of biotinylated aptamers 
through biotin-avidin chemistry. Target cancer cells are then captured via the interaction between the 
aptamers and the receptors on cell surface. (b) Flow cytometry analysis of CEM cells conjugated with 
fluorescently labeled sgc8 aptamers.  Compared to cells only, a large shift in the fluorescence signal was 
observed for those cells conjugated with sgc8 aptamers, indicating specific binding between the target 
CEM cells and sgc8 aptamers.   A random single strand DNA library or TD05 aptamer had non-specific 
binding with CEM cells, thus showing a tiny shift in the fluorescence signal compared to cells only. 

 
RESULTS AND DISCUSSION 

Isolation of lymphocytes.  The performance of the microfluidic device was demonstrated first by sorting 
leukemia cells: CCRF-CEM cells that function as target cancer cells and Ramos cells that function as control cells. 
Biotinylated sgc8 aptamers have specific binding with CCRF-CEM cells, and they were immobilized onto the 
surfaces of the micropillars/microchannels.  A cell mixture containing 106 CEM cells and 106 Ramos cells in 1 mL 
of buffer was used as a sample.  To differentiate these two types of cells during imaging, CEM and Ramos cells 
were pre-stained with Vybrant DiI (red) and DiD (blue), respectively. 

 
(a) (b) 

  

Figure 3a shows an image of the cancer cell mixture prior to sorting in the device.  The mixture of CEM and 
Ramos cells were introduced into the device immobilized with sgc-8 aptamers. After washing, target CEM cells 
were captured while Ramos cells were washed away. Figure 3b shows a confocal image of cells captured after 
sorting. These images show qualitatively that significant enrichment of the cancer cells was obtained through the 
microfluidic device.   

We studied the effects of different device geometries and flow rates on the isolation of target leukemia cells from 
a binary mixture.  The channel depths ranged from 24 !m to 40 !m and the flow rate changed from 300 to 2100 

Figure 3. (a) Image of a cell mixture 
consisting of target CEM cells (stained 
with a red fluorescent dye) and Ramos 
cells (blue) before sorting.  (b)
Confocal image of cells captured in 
the device after processing 1 mL of the 
cell mixture through the device.
Since all cells are essentially the 
target CEM cells in red, efficient 
isolation of tumor cells was obtained.
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nL/s.  The capture efficiency of >95% was obtained at the optimum device geometry and flow rate. 
Tumor Cell Isolation from Whole Blood.  To illustrate the potential of the device for clinical applications, we 

spiked colorectal carcinoma cells, HCT 116 cells, into whole blood that was used as received.  We evaluated the 
isolation of HCT 116 cells from whole blood at concentrations of 10,000, 1,000, 100 and 10 cells/mL.  One mL of 
non-processed whole blood was introduced into the microfluidic device at a flow rate of 600 nL/s.  Capture 
efficiencies of >95% were achieved in all cases, and a calibration curve between the number of the cells spiked and 
the number of the cells captured is shown in Figure 4. The results show that the device has a potential to detect CTC 
in clinical samples since the number of CTC in 1 mL of peripheral blood of cancer patients is often in the range of 
1-100.  

The post-isolation analysis included cell viability study, which showed that (94 ± 2)% of cells were viable after 
being processed through the device using the optimal flow rate and channel depth.  As a result, these cells can go 
through cell proliferation and other cellular studies such as apoptosis. 

In addition, we addressed the question of low throughput of a typical microfluidic device by connecting 8 
microchannels through bifurcation (Figure 1).  The width of each channel is 2 mm.  With the optimal flow rate of 
600 nL/s, the time required to process 1 mL of whole blood in the device is 28 minutes, which is favorable compared 
with hours of operation required in the benchmark instruments.  
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CONCLUSION 

We demonstrated using a DNA aptamer-enabled, micropillar-based microfluidic device to isolate cancer cells in 
non-processed peripheral blood.  The unique geometry of the micropillar array in the device resulted in the 
high-performance cell isolation.  This microfluidic device enabled the isolation of as few as 10 tumor cells from 1 
mL of non-processed whole blood with >95% capture efficiency within 28 minutes.  The advantages of such a 
device over the other methods include rapid analysis, no pre-treatment of blood samples, and low detection limit.  
As a result, the device has a potential to be used for clinical applications such as cancer diagnosis, prognosis, and 
monitoring the progress of therapeutic treatment.  
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Figure 4. Calibration curve for the 
isolation of colon tumor cells 
(HCT-116) from whole blood at 
concentrations of 10,000, 1,000, 
100 and 10 cells/mL.  Both axes 
are in the logarithmic scale. The 
error bars represent one standard 
deviation of 6 repeats for 10-cell 
samples and 3 repeats for other 
cell numbers. Capture efficiencies 
of >95% were achieved in all 
cases.  
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ABSTRACT 
 This paper presents a circulating tumor cell (CTC) microseparator for isolation of CTCs from human whole blood 
using immunomagnetic nanobeads and lateral magnetophoresis. Experimental results showed that the CTC 
microseparator isolates approximately 90% of spiked CTCs in human peripheral blood at a flow rate of up to 5 ml/h 
and purifies to approximately 97%. By the CTC microseparator, CTCs from peripheral blood of patients with breast 
and lung cancers were isolated and the results were compared with those of healthy donors. Using a 
fluorescence-based viability assay, the viability of CTCs isolated from peripheral blood of patients with cancer was 
observed. In addition, the effectiveness of the CTC microseparator for subsequent genetic assay was confirmed by 
RT-PCR amplification of cancer-specific genes using CTCs isolated from patients with cancer. 
 
KEYWORDS 
Circulating tumor cells, Cell separation, Immunomagnetic nanobeads, Lateral magnetophoresis,  

 
INTRODUCTION 

To increase the throughput and prevent a contamination caused by red blood cells (RBC), our previous work [1] 
presented experimental results of CTC isolation using blood with RBC lysis. However, RBC lysis procedure 
inevitably involves centrifugation and washing steps, which are the main causes for loss or destruction of a 
significant proportion of CTCs [2], thereby decreasing the separation recovery and purity. In addition, because 
membrane specific makers could be damaged by the RBC lysis procedure, immunoaffinity of CTCs may be 
weakened, thereby reducing the separation performance. To avoid the problem, in this research we isolated CTCs 
from whole blood, which is treated only by cocktailing anti-epithelial cell adhesive molecule (EpCAM) antibodies 
and immunomagnetic nanobeads without RBC lysis procedure. The CTC isolation was achieved by the lateral 
magnetophoresis [1] generated by a microscaled ferromagnetic wire array inlaid on the bottom substrate of 
microchannel (Figure 1) to maximize magnetic force acting on target cells. 

 
RESULTS AND DISCUSSION 

Experimental results showed that the CTC microseparator isolates approximately 90% of CTCs spiked into blood 
at a flow rate of up to 5 ml/h (Figure 2(A)). The recovery rate is also measured for various the number of CTCs 
spiked into healthy blood (Figure 2(B)). The result showed that the recovery rate was consistent as 90% for various 
spiked the number of CTC. By fluorescence observation of CTCs (green color) and normal nucleated blood cells 
(blue) (Figure 3(A)), the purity of isolated CTCs was measured as approximately 97% for various sample flow rate 
of 2 to 5 ml/h (Figure 3(B)). To verify the advantage of the CTC microseparator for subsequent genetic assays, 
RT-PCR amplification using isolated CTCs were performed and compared with results using blood sample spiked 
with CTCs (Figure 3(C)). 

 
 

 
 

Figure 1. Perspective view of the CTC microseparator, including the inlaid ferromagnetic wire array placed at an 
angle of θ (5.7°) to the direction of fluid flow under an applied external magnetic field 0H . The magnetic force 
acting on CTCs is generated by a high magnetic field gradient induced near around the ferromagnetic wire array 
with the external magnetic field. 
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Meanwhile, CTCs were isolated by the CTC microseparator from 200 µl of peripheral blood of patients with 
breast (n=3) and lung (n=3) cancers (Figure 4(A)) and identified through an immunofluorescence image analysis 
(Figure 4(B)). To measure viability of the isolated CTCs, they were observed by a fluorescence-based viability assay 
(Figure 4(C)). The viability assessment showed that 100 % of the isolated CTCs from peripheral blood of patients 
with cancer is alive, which is a significant evidence that the majority of CTCs lives in circulating system. Finally, 
detection of a lung cancer-specific gene (TTF-1) using isolated CTCs (Figure 4(D)) confirmed that the present CTC 
microseparator is effective for CTC-based molecular assays. 
 
 

      
 

Figure 2. (A) Recovery rate of the CTC microseparator for various sample flow rates. Breast cancer cell lines 
(SKBR-3) are separated by the CTC microseparator at each sample and buffer flow rates of 2 to 5 ml/h with an 
external magnetic field of 0.2 T. The error bars represent one standard deviation calculated from three data sets. (B) 
Regression analysis of separation recovery rate for varying SKBR-3 cell concentration between 10 and 104 cells at 
sample and buffer flow rate of 4 ml/h. 

 
 

 
 

 
 

Figure 3. (A) A photomicrograph of CTC separated into outlet #1. They are stained by fluorescent dyes of green 
color for CTCs and blue color for normal hematologic cells. The arrows (↓) identify normal blood cells. (B) 
Separation purity of the CTC microseparator at various sample flow rate. 103 of SKBR-3 cells are spiked into the 
blood sample and isolated through the CTC microseparator for varying flow rates of 2 to 5 ml/h. The error bars 
represent one standard deviation calculated from three data sets. (C) RT-PCR amplification of KRT19 transcript 
using blood samples spiked of 104 to 10 of CTCs (written “Non-CTC”) and cells isolated from the each samples 
(written “CTC”). 
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Figure 4. (A) Frequency of CTCs per 200 µl of peripheral blood of patients with breast (n=3) and lung (n=3) cancers. 
(B) Photomicrographs of CTCs stained by immunofluorescence dyes of Hoechst 34580 for DNA content, 
anti-KRT19-PE for CTCs, and anti-CD45-FITC for hematologic cells. (C) Viability CTCs, measured by a 
fluorescence-based viability assay. Live cells are stained by Calcein-AM (green color) and dead cells by EthD1 (red). 
(D) RT-PCR amplification of thyroid transcription factor-1 (TTF-1) transcript using CTCs isolated from a patient 
with lung cancer. 
 
 
CONCLUSION 

In this study, we presented the CTC microseparator, which enables to isolate CTCs from peripheral blood of 
patients with breast and lung cancers based on the lateral magnetophoresis and immunomagnetic nanobeads coated 
with anti-EpCAM antibodies. In experiment, the CTC microseparator continuously separates approximately 90% of 
CTCs from human blood at a sample flow rate of up to 5 ml/h. Separated purity for CTCs spiked into 200 µl of 
peripheral blood was about 97%. CTCs from the isolated cells were identified by an immunofluorescence image 
analysis, which is used as cytokeratin 19-positive cells were scored as CTCs, whereas CD45-positive cells were 
counted as contaminating normal hematologic cells. It is most notable that the CTC microseparator takes less than 
15 min to complete the total CTC separation from 200 µl of peripheral blood. In addition, viability of CTCs 
measured with a fluorescence-based viability assay is an evidence to show that the CTCs are alive in the circulating 
system. In other words, the CTC microseparator can isolate viable CTCs. RT-PCR assay using isolated CTCs 
confirmed that the CTC microseparator is effective for CTC-based molecular level assay. Consequently, the 
experimental result explains that the CTC microseparator is a practical device with which to isolate CTCs from 
peripheral blood quickly and with high recovery and purity. 
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ABSTRACT 
 Rare circulating tumor cells (CTCs) have been identified in peripheral blood from cancer patients and have been 
proved to be a main cause of metastatic disease. Current strategies for size based on isolation of CTCs has been 
technically challenged owing to their overlapped size value(e.g., CTCs ~16-20μm diameter and leukocytes ~8-14 
μm). Here we describe the development of a unique microfluidic device, Taylor Gortler(TG) mixer, capable of 
efficient and selective separation of viable CTCs from peripheral whole blood samples, operated by the interaction 
of target CTCs with antibody (EpCAM)-coated microbeads under microfluidic channel, as a result the size of the 
CTCs will be increased. First of all, we used red-green fluorescence beads to evaluate the mixing efficiency of the 
device. And then, we have gotten binding efficiency by using breast cancer cell and anti-epithelial cell adhesion 
molecule(EpCAM) coated microbeads through TG mixer. 
 
KEYWORDS 
Circulating Tumor cells, micromixer, EpCAM antibody, microbeads, microfilter 

 
INTRODUCTION 

Because of its potentials and advantages such as less time consumption, small amounts of sample and reagent, 
lower cost and high throughput the microfluidic devices have been used widely in chemical and biological fields and 
also developed rapidly over the past decade. Although highly successful, an important issue is being focused on 
overcoming a number of performance limitations, one of which is low mixing efficiency. The difficulty in rapidly 
mixing reagents results from the fact that the system is often restricted to the laminar flow regime (Reynolds number, 
Re < 2000, the critical value for turbulent flow) and also because the channel sizes are too small (typically <100µm) 
to operate conventional mixing mechanisms[1]. Therefore, effective mixing on micro scale has become a 
challenging problem to many of the microfluidic systems. Recently, a lot of researchers have proposed passive 
micromixers which are designed with special microstructures for improvement of mixing in microfluidic devices to 
induce fast mixing between fluid streams such as chaotic mixer [2]. We also found that several Taylor Gortler 
vortices perpendicular to the main flow direction was observed in a curved rectangular section channel. We 
fabricated Taylor Gortler(TG) micromixer having a high aspect ratio. It focuses on improvement of mixing 
efficiency between breast cancer cells and microbeads by understanding the effects of different flow rates, diffusion 
coefficient and geometric parameters such as channel angle. 

 
EXPERIMENT 

Fig.1 shows TG micromixer device and the operation mechanism for the breast cancer cell tagged with EpCAM 
coated microbead. TG mixer consists of sharp-edged turns, rectangular cross section and zigzag microchannel 
integrating a “T” inlet junction. In the microfluidic channels, secondary flows as a kind of Taylor Gortler vortex are 

formed due to the centrifugal instability caused by the shape of the corrugated channel. It makes several 
counter-rotating secondary vortices [3].  

The silicon mold of the microchip was fabricated by using deep reactive ion etching process. PDMS (Sylgard 
184, Dow Corning) was cast on top of the mold and degassed, after passing baked, separated from the mold, 
punched inlet and out let, bonded to a slide glass through plasma bonding. TG mixer has 80µm width and 400µm 
high; angles of the channel are 110º and 130º, respectively.  

Microbead (3µm) is chemically functionalized with anti-epithelial cell adhesion molecule (EpCAM). 
Anti-EpCAM provides specific binding between breast cancer cell and microbead through Taylor Gortler vortices. 
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Figure 1 A photograph and schematic diagram of wavy duct for tagging circulating tumor cell (CTC) with 

anti-EpCAM coated microbeads. 

 

RESULTS AND DISCUSSION 

Fig 2 shows the red-green color composite images captured from CCD camera using 522 and 603nm 

fluorescence emission wavelengths. At low flow rates, i.e., 100µl/min, the image exhibits sharp red–green bands 

with a clear fluid interface in the 4th microchannel, which indicates little mixing occurred in this condition. With the 

increase of the flow rate in both of the channel, fluid interfaces become uncertain and broadened. As a result, when 

the flow rate has been 600µl/min, the fluorescence intensities are observed more uniformly and had yellow 

streamlines as expected for a mixture of two fluorescent species. 

 Fig. 3 presents the binding experiments of breast cancer cells and EpCAM coated microbeads to determine the 

best condition for microbead labeling. Concentrations of breast cancer cell and the EpCAM coated microbead are 2 

x 105/ml and 2 x 106/ml, respectively. The sample was passed through 110º and 130° of  the mixer at each flow 

rate of 300µl/min and 600µl/min. Based on the outlet mixture as shown in Fig 5, we propose that the high velocity 

and low angle of the channel increase the binding efficiency. In addition the recovery of the breast cancer cell is 

more than 70%. 

 
Figure 2 Mixing image of fluorescent beads in 600μl/min and the channel angle of 90°, 110°, 130°, respectively. 
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Figure 3 Binding efficiency of the microbeads with MCF-7 cells. 
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ABSTRACT 
 

We report on the development of a fully automated microfluidic platform that can sort rare cancer cells with 
a capture rate above 90%, while maintaining a very low (<0.04%) contamination rate. This system relies on the 
use of antibody-coated magnetic microspheres self-assembled into columns, thus creating a dense sieve in 
which target cells are captured based on their surface antibodies expression. Additionally, complete automation 
of the capture and analysis processes, along with a preliminary clinical study on patients sample showed that this 
tool is suitable for high throughput (>3ml/h) capture of very rare cells (under 1 per ml of blood) along with a use 
in a more fundamental research context. 
 
 
KEYWORDS : Metastatic disease, cancer diagnosis, circulating tumor cells, cell sorting, lab-on-chip  
 
 
 
INTRODUCTION 
 

Metastases, responsible for 90% of the deaths of cancer patients, are generated by cells escaped from the 
primary cancer that circulates in blood. Clinical studies report that the detection of those Circulating Tumor 
Cells (CTCs) is associated with the onset of later metastatic relapse [1,2], and that CTC levels in blood are also 
correlated with the survival of patients with metastases [3]. Thus, CTCs are of great interest for follow-up, 
cancer relapse prediction and treatment orientation, but CTCs sorting and studying is challenging due to their 
rareness in blood (0.1 to hundreds of CTC per ml of blood as compared to billions of erythrocytes and millions 
of leucocytes). Commercial technologies such as Veridex (CellSearch®) are very efficient but show limitations 
when using multiple capture and/or staining biomarkers. Microfluidic systems used for CTC capture [4] such as 
the “CTC-chip” [5] use either mechanical properties of cells (e.g. size and deformability) or biomarkers 
expression (e.g. specific membrane antigens) to sort them specifically. The EpCAM (Epithelial Cell Adhesion 
Molecule) membrane antigen is commonly used as a target; its antibody being grafted on the chips walls, which 
requires long chemical preparation of the surface to be coated. We have overcome this cumbersome chip 
fabrication process by implementing the Ephesia technology, based on columns of antibody-coated beads, in a 
high (>3ml/h) throughput microfluidic device and shown its ability to sort circulating tumor cells from blood of 
metastatic cancer patients. 
 
 
EXPERIMENTAL 
 

The capture device is based on the Ephesia technology [6], inside a 5 cm diameter circular PDMS chip. In a 
microfluidic chamber, antibody-grafted (anti-EpCAM) 4.5µm magnetic beads are introduced at 30 µl/min. 
Using a coil to create a magnetic field perpendicular to the flow, the beads are assembled into columns above the 
magnetic pattern chosen (see Figure 1.a, 1.b and 2), thus creating a dense sieve in which cells have a very high 
probability of colliding into the columns. As a sample is injected in the columns array, target cells are captured 
specifically through antibody/antigen interaction while non-target cells pass through the capture device. Once 
immobilized, multiple stainings such as Nucleus, CD45 and Cytokeratin can be easily achieved. Because the 
transparent chip lies on an inverted microscope, it is possible to achieve high resolution microscopy in-situ.  
The chip design was optimized [7] (see Figure 1.a) in order to achieve the high throughput (>3ml/h) necessary 
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for the treatment of a blood tube in less than 2 hours, while ensuring an homogeneous flow velocity inside the 
capture chambers. Complete optimization and automation of the different staining and optical analysis steps 
were implemented, reducing operating time and reagent consumption while providing highly reproducible 
results. 
 
 
 
 

 
 

Figure 1: a. Chip design, with the magnetic 
patterning. b. The chip is inserted in a magnetic coil 

and installed on a fluorescence microscope. 

 
 

Figure 2: Magnetic columns formation process.. A 
30mT magnetic field oriented perpendicular to the 

flow is generated in a 40µm high channel. 

 
 
 
RESULTS 
 

Using cell lines (SKBR3, MCF7 for breast cancer, PC3 for prostate cancer, Raji and Jurkat as lymphoid 
cells), we managed to increase capture efficiency up to 90.6% (+/- 5.8%, N=9) for cell quantity as low as 50 cells 
in 1ml (Figure 2). Spiking MCF7 into Raji (1:10000 ratio) showed similar capture efficiency while specificity 
remains high (i.e. non-specific capture below 0.4%). The clinical potential of our microfluidic device has been 
further investigated by analyzing real patient samples (N=10) from breast and prostate cancer. It showed 
performances similar to the commercial Cellsearch system (N=8), and better results in the case of specific 
cancers where additional stainings could be used (such as PSA in prostate cancer, N=2). This preliminary study 
shows that the system is suitable for a clinical use on real sample, up to 48 hours after blood collection. A 
complete experiment could be achieved in 6 hours, including the sample preparation process. Finally, we 
demonstrate the flexibility of the system by using different antibodies for capture, cultivating cancer cells 
directly on chip or retrieving their genomic content for further analysis such as mutations detection. 
 
CONCLUSION 
 

This paper reports on the development of a fully-automated, highly reproducible microfluidic lab on chip that 
meets the clinical needs of very rare cells sorting, while allowing for a highly versatile use in a more 
fundamental research context. It opens the route towards a better understanding of the metastatic disease via 
clinical and biological studies. 
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Figure 3: Spiking of MCF7 epithelial cells into buffer 
showed capture efficiency around 90%, even for 

low-number of cells.(up to 1ml processed)  
Figure 4. a. Spiked cell lines captured on beads. b. 

Breast cancer cells from patient sample. (nucleus (blue), 
CD45 (green), Cytokeratin (red) and transmission (grey 

levels)) 
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ABSTRACT 

In this work, we demonstrate continuous sorting of blood in a simple passive microfluidic device. Our approach 
takes advantage of the principles of inertial microfluidics and Dean drag forces in spiral microchannels. We report 
successful isolation of plasma and separation of blood cells with high throughput (1-2mL/min) and high separation 
efficiency (>90%).  The developed approach caters to the need for blood cell sorting devices that can be integrated with 
an on-chip analysis system and rapidly provide separated sample with high purity. 

 
KEYWORDS: Inertial microfluidics, cell-sorting, blood, dilution, spiral microchannels 

INTRODUCTION 
Each component of blood provides significant information for both diagnostics and therapeutics. The 

conventional tools for cell-sorting need expensive equipment and trained professionals, and are not compatible for on-
chip and point-of-care devices for blood analysis. Inertial microfluidics offers a potential solution to both cost and labor 
intensive nature of blood analysis, along with a reagent-free method of separation and diagnosis. 

In this work, we optimized the spiral inertial microfluidic devices we developed previously [3] and targeted two 
applications critical to blood analysis.  The first was the extraction of cell-free plasma from blood, while the second was 
the sorting of RBCs and WBCs.   Both of these applications are commonly used in clinical blood analyses and are 
generally performed by centrifugation.   

DEVICE PRINCIPLE 
Our device utilizes the balance of hydrodynamic forces acting on cells within laminar flow, and rotational Dean 

drag due to spiral microchannel geometry to focus the cells in streams near the inner channel wall (Fig.1b) [3,4]. In 
straight rectangular channels, the shear induced lift force and the wall induced lift force act on neutrally buoyant 
particles, focusing the particles in four positions along the channel periphery depending on their size.   

In a spiral rectangular microchannel, the counter-rotating Dean vortices, induced due to the curvature, disrupt 
the balance of the inertial forces at the four focusing positions and the particles refocus in a single stream near the inner 
channel wall, with the largest particle focusing closest to the inner channel wall (Fig.1b). The single focusing position 
makes the size- based sorting and extraction of multiple cell-lines easier. The net Dean Force (FD) is given by 

                  (1) 

where UDean is the average Dean velocity, ap is the diameter of the particle and µ is the viscosity of the fluid. The ratio of 
the net lift force and the dean force is highly dependent on the particle size (ap

3) and this dependence can be used for size-
based cell-sorting with appropriate outlet system to extract the sorted cells. While the lift forces are dependent on the 
Newtonian nature of the fluid, the Dean vortices can form in viscous fluids too. This differential effect of blood rheology 

 
 

Figure 1. (a) Image of a PMMA inertial device. (b) Schematic describing the focusing of blood-cells due to the balance 
of inertial lift forces (FL) and Dean drag force (FD). (c) Optical profile scan of the PMMA device to confirm the height of 
the channel across the whole device. (d) Fluorescent image of the focused 20µm particles near the inner channel wall 
close to the outlet. 
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impacts sorting efficiency and throughput in spiral microchannels. Therefore, we first evaluated the optimal dilution for 

sorting blood cells.  

 

RESULTS AND DISCUSSION 
Devices for this work were fabricated by roll-by-roll embossing of PMMA [5] or standard PDMS soft 

lithography. For PMMA devices, ports were connected with UV-cured epoxy (Loctite). A ferrule and tubing were 

bonded to ports to prevent leakage. PMMA devices were found to have quite uniform height (±3 µm) across the entire 

device (Fig.1c), and their performance was generally identical to that of PDMS devices. Due to their uniformity and 

higher robustness, the PMMA devices replaced the PDMS devices, which were used in the pilot experiments.  The 

devices used for plasma and cell-separation consisted of a 4-loop Archimedean spiral with three outlets and channel 

dimensions of 250µm×75µm. The devices used for sorting RBCs and WBCs consisted of a 6-loop Archimedean spiral 

with four outlets and channel dimensions of 500µm×100µm.  

Blood is a non-Newtonian fluid and its viscosity is highly dependent on hematocrit, plasma protein 

concentration, platelet count, and leukocyte count [1]. Plasma concentration also affects cell-to-cell interactions in blood 

[2].  Considering that inertial microfluidic devices rely on hydrodynamic forces acting in a Newtonian, Poiseuille flow, 

separating blood components presents a challenge.  Sample dilution can reduce these non-Newtonian effects.  To 

investigate the effects of blood dilution on sorting efficiency and determine the optimum dilution needed to achieve both 

high throughput and high efficiency of blood-cell sorting in spiral microchannels, whole blood from a human-male donor 

was diluted 10-700× with 0.9% saline. At each dilution, sorting efficiency was assessed, at flow rates in the 0.1-3mL/min 

range, by collecting and staining the blood cells with Wright-Giemsa stain (Fig.2b). 

 

 
Figure 2. (a) The log-plot shows the trend of focusing in both the devices at the flow rate of 1mL/min (δ is the width of 

the focused stream of cells and W is the width of the channel). The cells focus in a tighter stream as the dilution is 

increased. (b) Plot illustrating the effect of blood dilution on sorting efficiency of the plasma and blood-cells. 

 

Our results show that the optimal flow rate for sorting is dependent on sample dilution and thus controls the throughput 

of the device (Fig.2a). The width of the focused stream of cells was measured at each dilution to determine the precision 

of focusing. At lower dilution, the sheer concentration of cells overwhelmed the focusing positions, thereby disrupting 

the adjacent focusing positions and affecting the efficiency of separation. Since, Dean Vortices act strongly even in 

viscous fluids, obtaining cell-free plasma was possible at lower dilution.  But, for sorting blood-cells, we needed the 

inertial lift forces to be strong enough to control the focusing the positions of the cells depending on their diameter. 

Therefore, it was necessary to use a higher dilution sample for better efficiency (Fig.2b). 

We successfully demonstrated separation of plasma at the flow rate of ~1mL/min (Fig.3) and separation of 

blood cells at the flow rate of ~2mL/min (Fig.4). From these results, it was evident that for plasma and cell-separation, 

>90% separation was possible at 50× dilution, but for sorting RBCs and WBCs, at least 500× dilution was required for 

>90% separation efficiency. These results indicate that although the Dean vortices are strong enough to regulate the flow 

 

 
 

Figure 3. (a) Bright field image of the stained blood cells at the input. The arrows indicate the WBCs in the sample. (b) 

Sample collected at the first and second outlets (RBCs, WBCs and platelets are present). (c) Sample collected at the third 

outlet (no cells present, only plasma). (d) Bright field image of the cells focused closer to the inner channel wall at 50× 

dilution and 0.8mL/min flow rate in the first device (250µm×75µm). 
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Figure 4. (a) Image of the second device used for sorting RBCs and WBCs at 500× dilution and 2mL/min flow rate. (b) 

stained cells at the inlet.(WBCs are indicated by arrows). (c)Stained cells collected at outlet1( mostly WBCs are present). 

(d)Stained RBCs collected at outlet2&3. (e) Stained platelets collected at outlet4. (f)Results of hemocytometer count. 

 

of blood cells towards the inner channel wall to cause plasma and blood cell separation, strong inertial lift forces are 

required to specifically separate the RBCs ad WBCs. This also requires blood dilution and flow rate to be large enough 

where the forces can act effectively on the cells without the cell-to-cell interaction and viscosity of plasma interfering in 

the process. 

 We were able to achieve complete cell-free plasma, although it was difficult to sort out platelets from blood 

cells (Fig.4c-e). Since, platelets do not satisfy the condition, ap/Dh>0.07, the inertial lift forces were not strong enough to 

focus them in a single stream and the platelets rotated along the dean vortices, eluting in all the four outlets. The 

hemocytometer results show a >90% sorting efficiency for separation of WBCs from RBCs.  This is a higher rate of 

sample purity as there is no contamination due to sedimentation based lysing that is usually observed in centrifugation 

methods of separation.  

 

CONCLUSIONS 

This work not only demonstrates the use of spiral microchannels for sorting blood, but also the effect of 

rheology of blood on their sorting ability. These devices address the tradeoff between efficiency and throughput which 

has been faced by earlier passive microfluidic devices based on deterministic lateral displacement and pinched flow 

fractionation. This sorting technique is label-free and does not require specialized steps or instrumentation.  The devices 

are small and efficient, and can be easily integrated with on-chip sample preparation systems paving way for point-of-

care blood analysis. 
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ABSTRACT 
This paper describes a PDMS-based microfluidic device to probe and sort cells based on their response to an 

external stimulus. The device is capable of interrogating cellular events ranging over broad temporal windows 
(milliseconds to minutes) at the level of a single cell and then sorting and collecting cells for further analysis, such as 
mRNA expression profiling by reverse transcription real-time quantitative PCR (qRT-PCR).  

KEYWORDS 
Single cell sorter, Single cell dynamics, Zebrafish olfaction response 

INTRODUCTION 
We present a microfluidic device based on micro-valve technology [1] to achieve single cell manipulation and 

stimulation to characterize the dynamic changes of neuronal cells extracted from the zebrafish olfactory epithelium. 
Current methodologies for cell sorting included the fluorescence activated cell sorter (FACS) [2] and laser scanning 
cytometry [3], which are incapable of performing active monitoring of dynamic changes. Thus these methods cannot 
be used to sort based on transient or time-dependent cellular responses. Furthermore, a relatively large amount of 
starting material is required which is prohibitive for primary cells available in limited in quantity. 

EXPERIMENT 
Proof of concept experiments were performed to sort zebrafish olfactory sensory neurons (OSN) based on their 

response properties. Fig. 1 shows a schematic of the device and setup. The microdevice was created using soft 
lithography [4] and controlled semi-automatically via custom Labview scripts (Fig. 1b). Micro-valves that control 
fluid movement within the device [5] enabled single cell interrogation and sorting. An on-chip peristaltic pump (Fig. 
1a) provided a gentle and precise means to direct single cells from the inlet to a cell trap. This was confirmed by 
tracking a single cell throughout the process (Fig. 2). In the cell trap, the stimulus was introduced from a secondary 
port (Fig. 3).  

As changes in intracellular calcium levels is an indicator of signaling responses to a variety of stimuli in many 
cells [6,7] we used Fluo4-AM or Rhod2-AM (2µM; Life Technologies, USA), fluorescence intracellular calcium 
indicators to monitor neuronal activity. First, we performed bulk stimulation with potassium chloride (KCl, 100mM). 
An increase in calcium level is expected due to the activation of voltage-gated calcium channels [8]. As shown in Fig. 
3b, a 2-fold increase in fluorescence intensity was observed.  

Next, we loaded the device with neurons from a transgenic zebrafish expressing the fluorescent marker protein 
YFP (Venus) in a subset of olfactory neurons responsive to amino acids. These neurons were identified in the device 
by marker protein expression in one optical channel (yellow) and their calcium levels in a second channel (red). In 
response to L-lysine, calcium signals were observed among a subset of cells expressing YFP while negative cells 
showed no significant changes in fluorescence intensities (Fig. 4a). We then sorted the cells based on YFP expression 
and performed qRT-PCR on the mRNA extracted from each cell for known molecular markers of positive cells. 
TrpC2, one such marker was expressed in all positive cells as shown in Fig. 4b.  

CONCLUSION 
Through the use of calcium imaging, the device allowed single cell interrogation in an active manner unlike 

conventional cell sorting techniques. The ability of the system to examine the dynamic responses in single cells was 
demonstrated by accurately identifying and recovering neurons that sense attractive odours from a mixed population of 
cells isolated from the olfactory epithelium of zebrafish. The universality and flexibility of the device means that it can 
be easily adapted for other areas in biology where cells need to be sorted and analyzed according to their signaling 
responses.
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Fig. 2. Real time tracking of cell manipulation, capture and recovery. Scale bar denotes 100µm. 

 
Fig. 3. KCl stimulation of a single cell in the cell trap. (a) Overview of cell trapped and KCl stimulation. Exposure 
taken at 300ms. (b) Fluorescence profile of the cross section of the stimulated cell. 

Fig. 4. Responses of single cells. (a) Average fluorescence response profile from 32 YFP positive cells and 18 control 
cells. (b) mRNA expression profile of YFP-positive and YFP-negative cells recovered in the sorting experiment 
determined by qRT-PCR. 
 

Approximately 3s after 
KCl introduction 

Phase contrast imaging 
of cell held in the trap 

Baseline fluorescence 
intensity 

KCl 

50µm  50µm 

a b 

A
b
so
lu
te
 

fl
u
o
re
sc
en

ce
 in
te
n
si
ty

Relative position

Before KCl  
stimulation 

Trapped cell 

20µm 

After KCl 
stimulation 

Flow direction

Flow channel

Flow direction

Cell trap Flow 
direction

Magnif ied

Retrieval well

Stimulation period 

Δ
F/

F 0
 

Time (s) 

0.0

0.5

1.0

1.5

2.0

2.5

po
si

tiv
e 

so
rt

ed
 c

el
ls

 

ne
ga

tiv
e 

so
rt

ed
 c

el
ls

 

N
o 

ce
ll 

co
nt

ro
l 

N
o 

R
T 

co
nt

ro
l 

N
o 

te
m

pl
at

e 
co

nt
ro

l 

Tr
pC

2/
β

-a
ct

in
 

a b 

Microchip

Cell trap

Peristaltic pump

Selector

S
tium

lant

C
ell susp

ensio
n

f127

W
ash b

uffer

C
ulture m

ed
ia

General waste 

Positive cell 
recovery well 

Negative cell 
recovery well 

Control lines
Flow lines

Control lines

Retrieval 
wells

a 

20Psi

5Psi

Pressure 
Regulators

Pneumatic 
valves

Microdevice

Control lines

Flow lines

Labview
control

Cell retrieval

Imaging

60x

Valve 
control 

Valve controls are 
done with custom 
Labview scripts. 

b 

Fig. 1. Device layout and system overview. (a) Schematic of the device made of PDMS and mounted on an 
inverted microscope for visualization. (b) System setup to operate the device. 
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ABSTRACT 
Here we introduce a microfluidic device for cell sorting in continuous flow using tunable standing surface 
acoustic waves (SAWs). The device is an integrated microfluidic chip, compatible with optical detection and 
electronic triggering for cell sorting, and combines the potential advantages of fluorescence activated cell 
sorting (FACS). The sorting device utilizes the contrast in the material properties of a continuous liquid phase 
and the objects contained therein, so it operates in continuous flow without additional prior labeling of the 
objects with markers such as polarizable or magnetic beads. Our non-invasive acoustophoresis based cell 
sorter is capable of sorting almost all kinds of particles/cells regardless of their shape, electrical, magnetic, or 
optical properties.  

KEYWORDS
Cell sorting, surface acoustic waves, microfluidics, lab on a chip. 

INTRODUCTION 
Cell sorting is essential for many fundamental cell studies, cancer research, clinical medicine, and 
transplantation immunology [1]. researchers have developed several microfluidic-based methods for direct cell 
sorting, such as magnetic-activated cell sorting, optical tweezers, electrokinetic mobilization, and 
hydrodynamic flow[2, 3]. These methods have pioneered many new avenues to on-chip cell sorting; however, 
they suffer from drawbacks such as low controllability, low cell viability and proliferation and/or requirements 
on bulky equipments. Here we introduce a microfluidic cell-sorting device using tunable standing surface 
acoustic waves (SAWs). Our approach can precisely sort cells into five separate outlets using tunable SSAW 
without labeling or droplet encapsulation.   

EXPERIMENT 
The SSAW-based cell sorting device consists of a polydimethylsiloxane (PDMS) channel and a piezoelectric 
substrate with a pair of chirped IDTs (Fig. 1). The finger spacing of the chirped IDTs ranges from 70 μm to 
100 μm, producing a working frequency range of around 9.5 MHz to 14.5 MHz. The two parallel IDTs each 
generates a separate SAW and the interference between the two identical SAWs generates the standing SAW  

 
Figure 1: Device structure and working mechanism. When the SSAW is switched on, all the particles are driven 
to the pressure node (marked by orange solid lines) and directed in the (a) upper outlet channel, or (b) the 
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bottom outlet channel. (d) The trajectories of two 15 μm fluorescent polystyrene beads at two frequencies 

respectively. The lateral shift of the particles after switching frequency is as large as ±25 μm after passing 

through the sorting region. 

field on the surface of the substrate. The standing SAW couples into the liquid medium and generates an 
acoustic radiation force on objects suspended in the liquid and pushes them to pressure nodes. Such nodes are 
parallel to the channel. Simply by varying the input frequency applied to the chirped IDTs, we can shift the 
location of the pressure nodes. As a result, particles/cells trapped in the pressure node can be translated 
laterally across the channel and be directed into any of the upper or lower output channels, which correspond 
to certain input frequency (Fig. 1a and 1b).  
We first characterized our sorting device by its sorting distance. Fig. 1c shows the merged trajectories of 15 
μm fluorescent polystyrene particles moving through the sorting region at input frequencies of 9.8 MHz and 
10.1 MHz. A lateral shift of ~50 μm was achieved at the end of the sorting region. Precise alignment of PDMS 
channel and IDTs are not required due to the flexible working frequency range of the chirped IDT. With 
further optimization on the chirped IDT, a lateral shift greater than 50 μm can be achieved for applications that 
require a large sorting distance such as droplets and organisms sorting. To demonstrate the functionality of our 
SSAW-based sorting method, we first directed 15 μm fluorescent polystyrene beads to 3 outlet channels (Fig. 
2). In our experiment, the width and height of the main channel are 200 μm and 70 μm. When an input signal 
was applied with a frequency of 14.5 MHz, the closest pressure node to the particles was ~25 μm above the 
center of the channel and directed particles to the upper outlet channel (Fig. 2a). When the frequency switched 
to 13.9 MHz, this pressure node shifted below the center of the channel and particles were directed to the 
lower outlet channel (Fig. 2c). When the SSAW was off, the particles were not shifted and followed the flow 
to the center outlet channel (Fig. 2b).  

 
Figure 2: Sorting of 15 μm fluorescence particle in three-outlet channel upon application of two different 

frequencies.  When the SSAW is switched on, particles passing through the sorting region move to (a) upper 

outlet channel at a frequency of 13.9 MHz, or (c) bottom outlet channel at frequency of 14.5 MHz. (b) When 

the SSAW is switched off, the particle flow in the center channel. 

To further demonstrate the versatility of our method and its ability to sort bio-objects into more outlets, we 
tested bovine red blood cells (brbc) in our sorting device. The brbc were first hydrodynamically focused to the 
center of the main channel by two side flows, and then sorted to 3 specific outlets at controlled frequencies. 
The results of this sorting are shown in Fig. 3. In this way, we would be able to sort 3 types of cells to 3 
individual outlets in a single microfluidic chip. Our device could potentially extend from current 3 outlets to a 
higher number of outlet channels to increase the functionality of the device for applications such as whole 
blood analysis and antigen-based cell diagnostics where the separation of many cell types is necessary. To 
demonstrate the biocompatibility of our acoustic based sorting technique, we conducted standard cell viability 
and proliferation assays using HeLa cells. HeLa cells were incubated for 20 h after being exposed in standing 
SAW field for 10 min under the input power of 23 dBm, and then metabolic activity was measured at 450 nm 
after 2-h BrdU labeling and following 2-h Reagent WST-1 reincubation. Subsequently, DNA synthesis was 
determined using Cell Proliferation ELISA to verify the cell proliferation. For control experiments, cells were 
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examined without standing SAW treatment and at 65°C for 1 h. The culture medium with no cell was also 
measured as comparison. Our test shows that no significant sign of decrease in both viability and proliferation 
was found after exposure to standing SAW fields for 10 min, implying no significant physiological damage 
was induced by our technique. 
 

 
Figure 3: Sorting of bovine red blood cells into five specific outlet channels at controlled frequencies.     
The standing SAW-based cell sorting technique presented here utilizes the contrast in the mechanical 
properties (e.g., density, compressibility) of a continuous liquid phase and the objects contained therein, so it 
operates in continuous flow without prior labeling of the objects with markers such as polarizable or magnetic 
beads. Our technique is non-invasive and is capable of sorting almost all kinds of particles/cells regardless of 
their shape, electrical, magnetic, or optical properties. It achieves cell sorting directly from media without 
prior encapsulation of cells into liquid droplet compartments required in traditional fluorescence-activated cell 
sorting (FACS).    
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ACOUSTOPHORESIS PRE-ALIGNMENT OF CELLS ENABLES LABEL-
FREE ENRICHMENT OF PROSTATE CANCER CELLS IN BLOOD 
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2Memorial Sloan-Kettering Cancer Center, NY, USA 
 
 

ABSTRACT 
We have developed a microfluidic chip for isolation of circulating tumor cells (CTCs) in blood based on microchannel 

acoustophoresis. Ultrasound radiation forces are used to separate cancer cells from blood cells in a continuous flow format. 
Separation was dramatically improved after incorporation of a 2-dimensional acoustic pre-alignment of the cells before enter-
ing the acoustophoresis separation channel. Temperature regulation of the microfluidic chip (±0.5C) enabled stable and re-
producible separation. The chip constitutes a further development and refinement of methods previously presented by our 
group at µTAS [1-3]. 
 
KEYWORDS: Ultrasound, Circulating tumor cells, Separation, Blood cells 

 
INTRODUCTION 

According to the world health organization (WHO) the number of cancer related deaths will increase from 8 million in 
2008 to 13 million worldwide in 2030. The most common forms are lung-, breast-, colon-, stomach- and prostate cancer, 
which are all epithelial cancers. Epithelial cancers can form metastases at distant sites through CTCs, which escape the tumor 
via the blood stream. Isolation of CTCs from patient blood has gained a lot of interest in the recent past since it holds promise 
for early discovery of metastatic disease.   
 
EXPERIMENTAL 

The microfluidic chip separates particles or cells based on size and acoustic properties. Samples of red blood cell (RBC) 
lysed blood and spiked prostate cancer cells (DU145) were separated in the device. All cells are first pre-aligned in the trans-
verse cross section of the microchannel flow using an acoustic field with components in the height and width dimension, 
(Fig. 1). Thereafter the cells enter a second channel where separation occurs according to the acoustophoretic mobility of the 
cells as previously presented [1]. At a trifurcation outlet, cancer cells are collected in a central branch while blood cells are 
collected in the side branches. To maintain long term stability, temperature control (±0.5C) has been incorporated in the plat-
form. 
 

 
Figure 1. (a) Cells enter through inlet through a pre-alignment channel by means of an acoustic resonance in the plane or-
thogonal to the flow. The two bands of cells are bifurcated to two sides of a central inlet flow and the cells are flow laminated 
to proximity of the walls of a separation channel. Here the trajectories of individual cells are deflected in a second resonant 
field according to size and acoustic properties. At the trifurcation outlet, cells of high acoustophoretic mobility is guided to 
the central outlet by tuning the intensity of the resonant field. Cells of low acoustophoretic mobility exit through the side out-
let. Insets show pre-aligned and non-pre-aligned microbeads at the end of the pre-alignment channel, and 5 and 7 µm beads 
separated at the central outlet. (b) Beads are pre-aligned vertically by means of a resonant field to minimize the influence of 
the parabolic flow profile in the channel, which otherwise affect the trajectories. (c) A photo of the device showing the piezo 
transducers, the Peltier element for temperature regulation, and the temperature sensor. (d) The flow configuration in the ex-
periments. 
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RESULTS AND DISCUSSION 

The acoustic pre-alignment yielded dramatically improved separation as shown in the model system using microbeads of 

5 and 7 µm, figure 2a, and for epithelial prostate cancer respectively blood cells in figure 2b. Samples of microbeads 5 and 7 

µm were separated in the chip resulting in 99% purity of each bead type at the outlets of the device. Prostate cancer cell re-

covery in the system was close to 90% while white blood cell contamination was reduced to below 1% at a sample flow rate 

of 4.2 mL/h.  

 

 

Figure 2. (a) Separation of microbeads. The proportion of 5 µm beads (gray) and 7 µm beads (black) collected in the central 

outlet, compared to the total number of beads collected, as a function of the piezoceramic transducer voltage squared (i.e. 

acoustic energy). Acoustophoresis pre-alignment (PA) on (filled symbols) or off (open symbols). The values given are means, 

the error bars denoting min and max values (n=3). (b) Samples of RBC-lysed blood (WBC) spiked with prostate cancer cells 

(DU145) were processed in the chip. The central outlet cell recovery, i.e. the proportion of cells collected from the central 

outlet (compared to the total amount of cells collected). The effects of cell pre-alignment (PA) on PFA-fixed cells, DU145 

(black), and WBCs (red). Acoustic pre-alignment on (solid lines) and off (dashed lines). The values given are means, and er-

ror bars denote max and min, (n=4). 

 

To elucidate whether the blood cell concentration affects the cell separation capacity of the acoustic chip, a dilution series 

of RBC lysed blood was obtained. No significant difference in cancer cell / WBC separation could be detected in the investi-

gated span of 1.5 × 10
5
 – 3.0 × 10

6
 WBCs per mL, figure 3. This is an indication that the acoustic chip can process undiluted 

WBC samples with high accuracy. 

 

 
Figure 3. Tumor cell enrichment using acoustophoretic pre-alignment of cells. Acoustic separation of DU145 cells 

(2.5 × 10
5
 mL

-1
) spiked in different concentrations of WBC at an energy level of 120 Vpp

2
, The central outlet cell recovery, 

i.e. the proportion of cells collected from the central outlet (compared to the total amount of cells collected), was measured 

by flow cytometry.  

 

 1697



 

It is possible to process both PFA fixed cells and viable unfixed cells through acoustophoresis. The viable cells maintain 

viability and biological functions such as cell proliferation, androgen receptor function and PSA secretion after passage 

through the device, which will allow post separation cell culturing and extensive characterization of the cells. 

 

CONCLUSIONS 

We provide a proof of principle by showing that tumor cell enrichment by acoustophoresis may have potential for use in 

clinical diagnostics of CTCs in cancer patients. The high precision is of course not only restricted to CTC enrichment but 

should be applicable to other blood components or cell types as well. 
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A SIZE-DEPENDENT CELL CAPTURE AND RELEASE CHIP 
USING MULTIPLE VARIABLE MEMBRANE BARRIERS 

 
Yoonji Kim and Young-Ho Cho 
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ABSTRACT 

We present a simple size-dependent cell capture and release chip using multiple variable membrane barriers, 
concentrically arranged around the central inlet port. The previous cell separators using multiple fixed filters perform 
the size-dependent cell capture, but require additional structure and process for the release of the captured cells. The 
present cell chip, however, is capable to capture the cells by their sizes using the multiple membrane barriers and 
release the captured cells in size order by controlling the height of deformable barriers. 
 
KEYWORDS 
Size-dependent cell capture and release, Variable membrane barrier 

 
INTRODUCTION 

Integrated cell analysis systems[1, 2] have received increased attention for point-of-care (POC) diagnostics and 
drug screening. One of key functions in these systems is separation for the elimination of unnecessary bioparticles. 
For the development of effective separators, selective separation and recovery of targeted cells from the mixture is 
essential. The previous cell separators [3-5] using multiple fixed filters perform size-dependent cell capture, but have 
difficulty on recovering separated cells. They required additional structures and processes to recover the captured 
cells. In this study, we present a simple cell capture and release chip using multiple variable membrane barriers. It is 
capable of not only simple size-dependent cell capture, but also captured cell release in size order by controlling 
height of deformable membrane barriers. 
 
DESIGN AND FABRICATION 

Figure 1 shows the overall layout and cross-sectional view of the present chip. The chip is composed of top layer 
with pressure lines, membrane, and bottom layers. For the size-dependent cell capture, the variable membrane 
barriers are formed by applying pressure into the top layer (Fig. 2a). The four membrane barriers (b1~b4) 
concentrically spread out from the inlet port with the gradually increased widths (w1~w4) of 182, 188, 194, and 200 
μm, respectively. The membrane thickness is designed as 90 μm. At the pneumatic pressure of 80kPa, the increase of 
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Figure 1. A size-dependent cell capture and release chip using multiple variable membrane barriers: (a) top view; 
(b) cross-sectional view of A-A’. 
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Figure 2. Principle of the cell capture and release chip: (a) variable membrane barriers formed for size-dependent 
cell capture; (b) variable membrane barriers reduced for size-dependent cell release. 
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Table 1. The threshold pneumatic pressure of membrane barriers to capture 10.3 μm- diameter polystyrene beads 
 

Membrane barriers Threshold pressure(kPa) 

b1 122.8±2.2 

b2 99.2±2.2 

b3 77.3±1.0 

b4 63.0±0.8 

 

 

the barrier heights from the inlet to outlet is designed to be 2 μm. For the captured cell release, the variable 

membrane barriers are lowered by reducing the applied pressure (Fig. 2b). The chip is made by the PDMS molding 

and plasma bonding process. Figure 3 shows the fabricated device. 

 

EXPERIMENTS 

In the experimental study, we demonstrated the bead capture and release capability using two different 

polystyrene beads (diameter = 6.51±0.43 and 10.32±0.39 μm) immersed in 0.5% BSA (Bovine Serum Albumin) 

solution. The bead solution was supplied by syringe pump at the flow rate of 100 μl/min. Table 1 shows the 

threshold pneumatic pressure to capture 10.32 μm-diameter beads for each membrane barrier (b1~b4). At the 

pneumatic pressure of 80kPa, 10.32 and 6.51 μm-diameter beads were captured at b3 and b4 barrier, respectively (Fig. 

4). Figure 5 shows the selective release of the captured beads (Fig. 5a) according to the different pneumatic pressures. 

At the reduced applied pressure range of 77~80 kPa, some of 10.32 μm-diameter beads were released from b3 barrier 

and recaptured at b4 barrier while 6.51 μm-diameter beads were still captured at b3 barrier (Fig. 5b). At the pressure 

between 63~77kPa, the rest of 10.32 μm-diameter beads at b3 barrier were completely released and recaptured at b4 

barrier as shown in Fig. 5c and d, and the 6.51 μm-diameter beads at b4 barrier were released. Below 63kPa, 10.32 

μm-diameter beads were released from b4 barrier. 

 

 

19±1mm

18±1mm

 

Figure 3. The fabricated chip. 
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Figure 4. The beads captured by the variable membrane barriers: (a) top view of b2~b4 barriers; (b) enlarged view 

of A, showing b3 barrier; (c) enlarged view of B, showing b4 barrier. 
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b4

P=80kPaB
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(D=6.51 μm)

 b4
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(d) 

Figure 5. The beads released from the variable membrane barriers:(a-c) Enlarged view of b4 barrier at the 

different pneumatic pressures (d) Top view of b2~b4 barriers at the pressure condition of (c). 

 

 

CONCLUSION 

We proposed the size-dependent cell capture and release chip using multiple variable membrane barriers. The 

present chip capable not only to capture cells according to its sizes, but also to release them in order, will be 

applicable for integrated cell analysis systems. 
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A SIMPLE METHOD FOR CELL ISOLATION BY UTILIZING BOTH 
CELL SIZE AND AFFINITY TO SURFACES 

Ayako Araki1, 2, Shohei Kaneda1, 2, Teruo Fujii1, 2

1Insitute of Industrial Science, The University of Tokyo, Japan, 2JST-CREST, Japan 
 
ABSTRACT 
    In this paper, we propose a novel method to separate cells larger than arbitrary cell size or cells expressing a 
specific antigen by combining both size-based cell separation using microfilter and immunoaffinity-based cell 
separation using an antibody-coated surface. The proposed method consists of two processes: (1) a filtration process 
to capture target cells having larger cell size than a microfilter or cells expressing a specific antigen and (2) a rinsing 
process to remove non-target cells having smaller cell size. The effectiveness of the method was validated through 
experiments of cell separation on a microfluidic chip using a cell suspension of MCF-7 cells (as model cells with a 
specific antigen) and U937 cells (without a specific antigen). In addition, the relationship between number and 
position of captured cells during the cell separation process is discussed.  

KEYWORDS 
Cell isolation, Cell size, Immunoaffinity, Cell separation 

 
INTRODUCTION 
    Although microfluidic approaches have been offering various size-based cell separation methods [1] and 
immunoaffinity-based cell separation methods [2], there are a few reports about the method combining those two 
ways [3]. For example, in the case of isolation of CTCs (Circulating Tumor Cells) from peripheral blood, it is 
pointed out that variability of expression of antigens on surfaces of CTCs and variability of cell size of CTCs 
sometimes cause low capture efficiency [3]. Therefore, we propose a novel method for cell separation based on both 
cell size and immunoaffinity. 
 
CONCEPT
    In this proposed method, both a microfilter and an antibody-coated surface are used for size-based and 
immunoaffinity-based cell separation respectively. Here cells larger than a microfilter or cells expressing a specific 
antigen are target cells. Firstly, a heterogeneous cell suspension is applied to the microfilter and the antibody-coated 
surface of the substrate as shown in Figure 1a. By aspirating the cell suspension via the microfilter, cells with a 
specific antigen are captured onto the surface and larger cells without the antigen are captured at the edge of the 
microfilter, whereas smaller cells without the antigen go through the microfilter (Figure 1b). Thus both size-based 
and immmunoaffinity-based cell separation are conducted as filtration process. Then to collect the remaining smaller 
cells without the antigen, an additional buffer solution is applied to the surface and aspirated as shown in Figure 1cd 
(rinsing process). Finally the target cells having larger cell size or the immunoaffinity to the surface are separated 
(Figure 1e). 

 
Figure 1. Conceptual schematics of separation of target cells by combining size-based and immunoaffinity-based cell 
separation. Antibodies for a specific antigen are immobilized on the surface of the substrate. (a) Cells are transported 
to the surface and the edge of the microfilter. (b) Filtration process. Both size-based and immunoaffinity-based cell 
separation are realized. Cells larger than the microfilter are captured at the edge of the microfilter. Cells with the 
specific antigen are captured onto the surface. Smaller cells without the antigen go through microfilters. (c, d) 
Rinsing process. To collect the remaining smaller cells without the antigen, the additional buffer solution is applied 
(c). Then the solution is aspirated to collect the remaining cells (d). (e) Cells with the antigen and cells larger than 
the microfilter are separated.
 
EXPERIMENTAL 
    To check the feasibility of the proposed method, a microfluidic chip shown in Figure 2 was fabricated. The 
chip is composed of a reservoir and microfilters made of PDMS, and a glass substrate (Figure 2a). In microfilters, 
50-µm square-shaped microstructures with 13.4-µm depth are arrayed for size-based cell separation (Figure 2bc). 
The diameter of the reservoir is 3 mm and anti-EpCAM antibodies are immobilized onto the surface of the substrate.  
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    As a demonstration, experiments of cell separation using a cell suspension containing MCF-7 cells (cell size: 16 
µm, with EpCAM expression) and U937 cells (cell size: 13 µm, without EpCAM expression) were conducted on the 
chip. A chip without antibody-coated surface (PDMS surface) was used as control. The experimental set up of the 
chip is illustrated in Figure 2d. A laboratory-made container is used to hold the chip (Figure 2d). A PTFE tube 
inserted into the bottom of the container is connected to a syringe pump to aspirate cell suspension in the reservoir 
thorough microfilters (Figure 2d). A tube placed above the chip is used for rinsing process. Culture medium supplied 
from an electronic pipette via the tube is used as an additional buffer solution at rinsing process. In the experiments, 
firstly the cell suspension of 10 µl was introduced into the reservoir. Then culture medium of 600 µl was applied 
into the container to avoid the exhaustion of liquid in the reservoir during filtration process. Then static incubation 
for 3 min was conducted. As filtration process, culture medium of 300 µl was aspirated and dispensed through the 
tube connected to the electronic pipette and subsequently aspiration of the cell suspension in the reservoir at flow 
rate of 30 µl/min for 1 min was conducted. Then rinsing process was implemented by pipetting operation (ten-times 
of aspiration and dispensing of the additional buffer solution of 300 µl for 24 sec) and aspiration of the buffer 
solution of 400 µl to collect the remaining cells without immunoaffinity to the surface. Fluorescent images of the 
chips were obtained during the filtration and rinsing process to count cells on the surfaces of the substrate.  

 
Figure 2. Fabricated microfluidic chip. (a) The chip consists of a reservoir and microfilters made of PDMS, and a 
glass substrate. (b) Micrograph of the microfilter part. The scale bar is 500 µm. (c) Magnified image of 
microstructures working as microfilters. The scale bar is 50 µm. (d) Schematic drawing of experimental set up. The 
microfluidic chip is held in the container. The upper tube is connected to an electronic pipette for rinsing process. 
The lower tube is connected to a syringe pump for filtration process.  
 
RESULTS AND DISCUSSION 
    Figure 3 and Table 1 show results of the experiments of cell separation. The dotted line circles in Figure 3 show 
the edge of the microfilters on the chips. Green and red fluorescence represent MCF-7 cells and U937 cells 
respectively. Figure 3a shows images of before and after filtration process and following rinsing process on the 
antibody-coated surface. Figure 3b shows images of the PDMS surface. After the incubation for 3 min, most MCF-7 
cells were captured on the antibody-coated surface, whereas U937 cells were moved toward the edge of the 
microfilters during the filtration process (Figure 3a middle) and depleted by the rinsing process (Figure 3a right). 
White colored arrows shown in Figure 3a are indicated U937 cells keeping the same positions at the edge of the 
microfilters during the filtration and rinsing process. Note that with the present condition of the rinsing process, 
U937 cells captured at the edge of the microfilters were not collected by the rinsing process (indicated by the arrows 
in Figure 3a). We assumed there are two possibilities: (1) embedding of the captured U937 cells into the microfilter 
may be induced by the flow in the filtration process (flow rate: 30 µl/min) and (2) the low efficiency of rinsing at the 
edge of the microfilters. During the cell separation process, cells on the surfaces are counted and recovery rates of 
both MCF-7 cells and U937 cells were calculated as shown in Figure 4a. Recovery rates of MCF-7 cells on the 
antibody-coated surface were kept over 93 % during the processes (after filtration process: 99%, after rinsing 
process: 93%), whereas recovery rates of MCF-7 cells on the PDMS surface were less than 80%. From the 
decreasing of recovery rate of U937 cells on the antibody-coated surface, the effectiveness of the rinsing process was 
confirmed. Figure 4b shows the percentage of cells on the surfaces. The percentage of MCF-7 cells on the 
antibody-coated surface was increased during the filtration and rinsing processes, whereas the percentage of MCF-7 
cells on the PDMS surface was almost kept constant. This is because that the U937 cells located at except for the 
edge of the microfilters on the antibody-coated surface are almost collected by the rinsing process.  
 
CONCLUSION 
    We proposed a simple cell separation method combining size-base and immunoaffinity-based cell separation. 
By using the proposed method, cells larger than microfilters or cells expressing a specific antigen are successfully 
separated on a microfluidic chip. We believe this method can be applicable to various cell separations such as 
isolation of CTCs or CD4+ T cells from peripheral blood.  
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Table 1. Results of the number of MCF-7 cells and U937 cells on the surfaces during the cell separation processes. 
 Before filtration After filtration After rinsing 

MCF-7 U937 MCF-7 U937 MCF-7 U937 
Antibody-coated surface  107 54 106 31 100 9 

PDMS surface 66 51 50 13 47 11 
 

Figure 3. Results of cell separation using a cell suspension containing MCF-7 cells (green) and U937 cells (red) 
performed on the chip with (a) the antibody-coated surface and (b) the PDMS surface (without antibody). During the 
cell separation process, fluorescent images are obtained at before filtration, after filtration and after rinsing process. 
White colored dotted line shows the edge of the microfilters. White colored arrows in Figure 3a indicate U937 cells 

keeping the same positions during the filtration and rinsing process. The scale bar is 50 µm. 

 
Figure 4. Results of recovery rates and percentage of MCf-7 cells and U937 cells during the cell separation process. 
(a) Recovery rates. (b) Percentage of cells on the surfaces. 
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DISTINCT RELEASES OF GROWTH FACTORS FROM THREE 
DIMENSIONAL FIBROUS SCAFFOLDS COMBINED WITH HYDROGEL 

FOR DIFFERENTIATION OF MESENCHYMAL STEM CELLS 
Hyun Jong Lee, Sangphil Park, Eunji Jang, Tae Geuk Lim, Sang Won Han, Hyue Won Lee, 

Ui Seok Chung, and Won-Gun Koh* 
Yonsei University, Republic of Korea 

 
ABSTRACT 

To mimic the actual microenvironment, independent release control of some growth factors is required in tissue 
engineering field. Here, we fabricated multifunctional nanofiber-based three dimensional (3D) cell scaffolds which 
have the capability of release of growth factors independently. From the osteogenesis differentiation of hMSC 
cultured on the fabricated scaffolds, the capacity as a tissue engineering scaffold was demonstrated successfully. We 
expect that this independently controlled release system has a great potential for tissue engineering, biochip and 
other biomedical fields. 
 
KEYWORDS 
Controlled dual release, 3D scaffold & culture, Micropatterned fibrous scaffold, Stem cell differentiation.  

 
INTRODUCTION 

Manufacturing scaffolds that can provide favorable environments to cells is one of the most important parts in 
tissue engineering. Among the various factors in designing proper scaffolds, the mechano-structural factors, such as 
topology and stiffness, should be considered first because most cells exist in a fibrous extracellular matrix in native 
tissue [1]. Another important factor is biochemical environment. Generally, many biochemical cues such as growth 
factors are provided simultaneously from the extracellular milieu and affect the cells, thus the release control of each 
cue make the artifact more similar with real environment. Many researchers have studied functional scaffolds 
capable of controlled release of growth factors [2]. However, most of those scaffolds contained only one growth 
factor. Even if multiple growth factors are incorporated into scaffold, only few studies reported 
independently-controlled release of different growth factors [3, 4]. In the present study we therefore report on a three 
dimensional fibrous scaffold which is able to release growth factors independently. 

 
EXPERIMENTS & RESULTS 

In this study, we fabricated three dimensional (3D) fibrous scaffolds suitable for cell culture that have capability 
of independently-controlled release of different growth factors. Here, we demonstrated efficient differentiation of 
human mesenchymal stem cell (hMSC) to osteoblast using basic fibroblast growth factor (bFGF) and bone 
morphogenetic protein 2 (BMP-2). 

 
Figure 1. Schematic diagram of preparing nanofiber 
scaffolds containing growth factors. 

 
Figure 2. SEM images of fabricated scaffold. (a and c) 
Upper sides. (b and d) Lower sides.

 
First, we fabricated PCL/gelatin nanofiber scaffolds incorporated with Poly (ethylene glycol) (PEG) hydrogel 

microstructures for the controlled release of growth factors individually (Fig. 1). The electrospinning technique, a 
very easy and versatile method for creating nanofibers, was used for making PCL/gelatin blended nanofiber mat, and 
then the fiber mat was crosslinked to prevent dissolution of gelatin in aqueous solution. When the hydrogel 
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microstructures were fabricated via photolithography, BMP-2 was incorporated in hydrogel precursor solution. In 
case of bFGF, it was electrostatically adsorbed onto the nanofiber domain which has negative charge derived from 
gelatin. The SEM images show the distinguished domains of unpatterned nanofiber and patterned hydrogel, and the 
patterning of scaffold was successful from upper to lower sides without disarray (Fig. 2). 

As mentioned before, the crosslinked gelatin has negative charge, so the bFGF which has weak positive charge 
can be attached on the nanofibers. We demonstrated the electric interaction between bFGF and crosslinked gelatin, 
and the release profiles were measured using fluorescence dye conjugated bFGF (Fig. 3). During the 12 hours of 
loading time, the bFGF was considerably attached on the crosslinked PCL/gelatin fiber, and there were few or no 
fluorescence signals on the other fibers. It would be explained that the physical adsorption on the PCL fiber was 
much weaker than electrostatic interaction between bFGF and gelatin, and the gelatin of uncrosslinked PCL/gelatin 
fiber would had washed out in aqueous solution. The intensities of crosslinked PCL/gelatin fiber were steadily 
decreased until 4 days and maintained the intensity level, so the result represent that bFGF attached on the 
crosslinked PCL/gelatin fiber was released gradually for 4 days.  

 
Figure 3. Fluorescence intensities of dye conjugated 
bFGFs attached on the fibers. 

 
Figure 4. BSA releases from hydrogels of different 
molecular weights (3400 and 575 g/mol).

 
Furthermore, the release rate of BMP-2 was also controllable from the change of molecular weight (MW) of PEG 

which has various ranges, so the release term can be adjusted from the property of PEG hydrogel. The release 
profiles were determined using bovine serum albumin (BSA) which is the model protein of the BMP-2 from two 
different MW of PEG (3400 and 575 g/mol) (Fig. 4). From the result, although the initial release from 575 was 
higher than 3400, sustained release was maintained for a longer period in case of 3400. To be precise, the releases 
from 575 and 3400 hydrogel were sustained for about 10 days and a month, respectively. Thus, we used 3400 PEG 
hydrogel to stimuli hMSC using BMP-2 for more three weeks. In short, we can expect that the release profile of 
fabricated scaffold would consist of bFGF and BMP-2 release for 4 days at the beginning and following BMP-2 
without bFGF release over 3 weeks. 

 
Figure 5. MTT assay of hMSC. Black; no growth 
factors, Red; simultaneous release of bFGF and BMP-2, 
Green; sequential release of bFGF and BMP-2. 

 
Figure 6. ALP activity of hMSC. Black; no growth 
factors, Red; simultaneous release of bFGF and BMP-2, 
Green; sequential release of bFGF and BMP-2.

 
To estimate osteogenesis capability of scaffold, hMSCs were cultured and the effectiveness of independently 

controlled release of two growth factors was demonstrated from the differentiation of hMSCs. The cell proliferation 
and activities were measured by MTT assay (Fig. 5). The values which represent cell numbers and viability 
increased until day 14, and then decreased in all cases. When the hMSCs are cultured on the growth factors-free 
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scaffold, the increasing amount of value was the highest. On the contrary, scaffold that release bFGF and BMP-2 
sequentially had the lowest increasing. This could be expected as a result of brisk differentiation of hMSC to the 
osteoblast in the sequential release system, because cell differentiation has the tendency to slow down the cell 
growth. In other words, the MTT result of growth factors-free scaffold was high due to the relatively low 
differentiation rate. The result of alkaline phosphatase (ALP) activity which is one of the major markers of 
osteogenesis supports the explanation (Fig. 6). Without growth factors, certain evidence derived from ALP activity 
was not observed because there were no significant differences among values. On the other hand, the sequential 
release system, showing low increase and fast decrease in MTT assay, represents definite increase of ALP activity 
with time. In case of simultaneous release of bFGF and BMP-2, better osteogenesis capability was determined than 
growth factor-free system but not as much as sequential release system. So, we could know the fact that sequential 
released system of bFGF and BMP-2 is more attractive for the effective osteogenesis of hMSC than simultaneous 
released system of two growth factors. 

 
CONCLUSION 

In summary, independently controlled release capability of two growth factors was incorporated to the three 
dimensional nanofiber scaffolds which consist of electrospun nanofiber and PEG hydrogel. The nanofiber and 
hydrogel were used for the sustained release of bFGF for early short period and BMP-2 for long period, respectively. 
And the simultaneous release of two growth factors can also be achievable via insertion of both growth factors in 
hydrogel. Osteogenesis of hMSC demonstrated the capacity as multifunctional cell scaffold which includes some 
advantages, such as 3D structure, spatial control by hydrogel pattern, distinct growth factors release. The induction 
of differentiation was most effective in sequential release system, although the simultaneous release system shows 
better result than growth factor-free scaffold. 
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SMOOTH MUSCLE CELL CULTURE IN MICROCHANNEL 
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ABSTRACT 
We here report a new culturing method to produce micro vascular-mimetic tissue consisting of smooth muscle 

cells (SMCs) and endothelial cells (ECs) toward the practical use of tissue engineering. To achieve the stable 
coculture, the requirements for SMC culture in microchannels are clarified by basic experiments. Then, a new 
microchip that satisfies those requirements was developed by bonding glass substrate and porous polycarbonate 
membranes. Finally, the stable coculture of SMC and ECs in confined micro-space was demonstrated for the first 
time. Those knowledge and new system would contribute not only to the vascular tissue engineering but also to the 
cellular engineering in micro-space. 

KEYWORDS 
Vascular tissue, Smooth muscle cell, Curvature  

INTRODUCTION 
Recent progress in tissue engineering has led to clinical successes for several functional tissues [1]. However, a 

major limitation remains a lack of methods to produce thick tissues due to the restrictions of passive diffusion of 
biomolecules. There is a need for micro-scale vascular tissues to construct large organs in vitro. We have previously 
reported the basic culture and recovery of ECs utilizing a separable microchip [2] and been investigating SMC 
culture condition [3]. Next, multilayered tissue consisting of SMCs and ECs should be constructed (Fig. 1). However, 
it is difficult to culture SMCs in microchannel because they are intrinsically stretch cells and there are still no reports. 
To achieve the concept, stable culture of SMCs in microchannel is necessary. In this present paper, the obstructive 
factors to SMC growth in closed microchannel were firstly identified by 3 basic experiments. Then, a new microchip 
that satisfied those requirements is designed and the stable coculture of SMCs and ECs in closed microchannels was 
demonstrated for the first time. 

Figure 1: Total concept of this study. Multilayered SMCs and ECs are cultured in a microchannel. After cell culture, 
they are harvested separating the microchip. 

IDENTIFICATION OF OBSTRUCTIVE FACTORS ON SMC GROWTH
Vascular SMCs are easily cultured on conventional cell culture dish, but difficult to be cultured to confluent state 

in closed glass microchannels. They are a kind of muscle cells in vascular wall and stretch along the long axis of 
spindle shape. So, larger metabolic requirement and growth inhibition by surrounding geometry are supposed to be 
severe problem in micro-scale culture compared to other cells. Cell culture procedure in the microchip is divided to 
adhering term and increasing term. In adhering term, suspended cells are introduced into the microchannel and 
allowed to adhere on the surface stopping the perfusion for 2 hours. After adhering term, medium is constantly 
perfused and cells increase to confluent state. In this report, According to this idea noted above, O2 consumption, 
nutrients, and surrounding surface curvature were considered in each term. 

Firstly, O2 consumption in adhering term was tested. Glass-bottom glass microchip and glass-bottom PDMS 
microchip were prepared and the microchannels were coated by collagen. Then, human arterial SMCs (HASMCs) 
were loaded and the medium flow was completely stopped (Fig. 2a). After 2 hours, the survival rate was evaluated as 
the proportion of adhering cells to whole cells in microchannels. Fig 2b shows the significant difference of survival 
rate between two microchannels. While almost 100% of SMCs adhered and survived on the bottom of the PDMS 
microchannel, survival rate in the glass microchannel was about 65%. In this experiment, the difference between two 
conditions is only the O2 permeability of microchannel walls. So this difference in cell adhesion is caused by O2
supply. And this result showed HASMCs in glass microchannel were exposed to serious O2 deficiency even in first 2 
hours. On the other hand, almost 100% of survival rate in PDMS microchannel indicates that the amount of other 
nutrients would be efficient in this term. 
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Figure 2: Investigation of O2 effect. (a) Schematic of experiment. (b) Survival rate of SMCs after 2hours from 

introduction. 
 
Secondly, the medium supply in increasing term was tested in pseudo experiment. In the case of cell culuture in 

microchip, changing flow rate results in variable shear stress acting on adhering cells. To exclude the shear stress 
effect, this experiment was done in conventional cell culture dish. HASMCs were seeded at 5×104 cells/cm2 and 
cultured with exchanging 4 mL of medium in different frequency (A: every 8 hours, B: every 16 hours, C: 24 hours, 
D: no exchange). Fig 3 shows the growth curves of HASMCs in each dish and no significant difference in 
inclination that means the increasing speed was observed. From this result, at least 4mL/day (C) of medium supply is 
enough to grow HASMCs. This amount of flow rate is 
roughly equivalent to 0.15 µL/min in microchannel 
whose diameter is 300µm and far less than that of 
normal cell culture (several µL/min). So it is confirmed 
that the conventional condition could have supplied 
enough nutrients to SMCs in microchannel, contrary to 
expectation. Although the amount of medium perfusion 
rate to supply enough nutrients could be roughly 
estimated, we could not discuss the O2 supply, because 
these dishes are exposed to atmosphere throughout the 
experiment. So, O2 deficiency in this term should be 
improved together with that in adhering term in some 
way. 

At last, surface curvature of the substrate was tested. The microchannel in glass microchips has curving surface 
because of the fabrication by wet etching process. To check the effect of curvature on cellular growth, HASMCs 
were cultured on two kinds of microgrooves that had semicircular and rectangular cross-sections (Fig 3a). Although 
the seeding densities were same on all surfaces (Fig 3b), significant difference was showed in surface coverage 
between curving and flat surface after 120hours (Fig 3c). The same tendency was observed also on the PDMS 
substrates (data is not shown). Those results indicate that curvature does not affect on the adhesion of HASMCs but 
matters to the proliferation in increasing term. Some papers have reported the strange migration and unique 
metabolism of living cells on micro fabricated surface [4, 5]. However, the mechanism of suppression is still unclear 
and the detail should be investigated by further research. 

 

  
Figure 4: Investigation of curvature effect. (a) Schematic of substrates. (b) Adhering density of SMCs after 2hours 

from seeding. (c) Coverage of SMCs after 120 hours. 
 

Throughout these experiments, we concluded that (a) O2 deficiency in both terms (b) curving surface in 
increasing term are the obstructive factors on the growth of HASMCs in closed microchannels. 

 
SMC CULTURE IN A NEW MICROCHIP 

To achieve the stable culture of HASMCs, a new microchip was developed. To exclude O2 deficiency and growth 
suppression by curvature, new microchip was prepared sandwiching glass substrate with penetrating microchannel 
(width: 400µm, thickness: 700µm) by two porous polycarbonate membranes applying low temperature bonding 
technique (Fig. 4). Briefly, a glass substrate was cleaned by piranha solution. In parallel, two sheets of porous PC 
membrane were prepared and modified with Aminopropyltriethoxysilane (APTES). Then, both sides of the glass 
substrate were contacted to APTES-modified PC membranes and bonded by heating at 110℃ for 12 hours with 
applying 100N of pressure. This microchannel has all flat surfaces and efficient O2 is supplied from the outside. 
Then, it was connected to syringe pump and dipped into the medium. 
 

     
Figure 3: Investigation of medium supply (a) 

Schematic of experiment. (b) Growth curves of 
HASMCs in each dish. 

a b 

a b 

b c a 
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Figure 5: Schematic view of new microchip and experimental setup for SMC culture. 

 

After coating the collagen onto the microchannel, HASMCs were loaded at 7×106cells/mL and the perfusion is 
stopped for 2hours. After cell adhesion, the medium was perfused at 2µL/min. After 48hours, HASMCs reached to 
confluent state (Fig). Next, human arterial endothelial cells (HAECs) at 5×106cells/mL were introduced into the 
microchannel and the perfusion was stopped for 2hours. After adhesion of HAECs, the medium was perfused again 
at 2µL/min. After 50 hours from the introduction of HAECs, they adhered onto the confluent HASMCs stiffly. 
Comparing to the previous result, it is obvious that the SMCs could be cultured successfully. This is the first 
demonstration of coculture of SMCs and ECs in microchannel and would provide significant guides for vascular 
tissue engineering and indicates that the coculture of SMC and EC in the microchannel needs a new design of a 
separable microchip. 

 

   
Figure 6: Cultured cells in the microchip (a) Confluent SMCs (green) after 50hours from seeding (b) Cocultured 

SMCs and ECs (red) after 50hours from EC seeding. (c) Previous result in the normal separable microchip: SMCs 
underwent necrosis after 15hours from EC seeding. 

 
CONCLUSION 

In this report, we clarified the obstructive factors for SMC culture in the closed microchannels. O2 deficiency in 
the adhering term and growth suppression by curving surface in increasing term were the critical problems for SMC 
proliferation. Then, a new microchip that solved those problems was developed and the successful coculture of 
SMCs and ECs were demonstrated for the first time in the microchannel. Those knowledge and technique would 
contribute to the cellular engineering in micro-space including micro vascular tissue engineering. 
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ABSTRACT 

This paper reports a method to fabricate liver tissue spheroids with microchannel network in which 1 !m diameter 
particles can pass through. We made alginate hydrogel beads that have 20 !m in diameter, and formed heterogeneous 
spheroids consisting of about 1,000 of hepatic cells and same number of the beads. One day culture of the 
hetero-spheroids resulted in network-like organization of the hepatic cells. The alginate beads were then digested by 
alginate lyase treatment for 10 min. The connectivity of porous spheroids was confirmed using 1 !m fluorescence beads 
or a micro device. These data suggest that bottom-up approach to make microchannel is effective in engineering of 
multi-cellular spheroids. 
 
 
KEYWORDS 

Liver tissue spheroids, Microchannel, Alginate gel beads, Tissue engineering 
 
 
INTRODUCTION 

Liver tissue spheroids are useful tool to study cell biology in three-dimensional environment as well as to validate 
new drugs in pharmaceutical companies. They have smooth surfaces wrapped by extracellular matrices (ECMs) and 
cell-packed body, showing they are not just aggregates of cells but well organized tissue. However, the dense structures 
prevent effective exchange of gas and nutrients supplied from environment. To improve the traffic of them, we tried to 
make microchannel network by embedding of alginate beads in the spheroids and enzymatic removal of them. 
 
 
EXPERIMENTAL 
Cell culture 

The human hepatoma cell line Hep G2 was from the Japanese Center Research Bank (JCRB). The culture medium 
was Dulbecco's modified minimum essential medium (DMEM; Sigma-Aldrich, St. Louis, MO, US) supplemented with 
10% fetal bovine serum (Gemini Bio-Products, Woodland, CA, US), 25 mM hydroxyethylpipeazine-N' 2-ethanesulfonic 
acid (HEPES; Dojindo, Kumamoto, Japan), 100 units/ml of penicillin (Wako Pure Chemicals, Osaka, Japan), 100 !g/ml 
of streptomycin (Wako), and 0.25 !g/ml of amphotericin B (Sigma). Cells were cultured in a CO2 incubator (5% CO2 
37˚C). These cells were stained with PKH26 (Sigma) or PKH67 (Sigma), as necessary. Cells were observed by confocal 
laser microscopy (LSM 7 DUO, Carl Zeiss, Germany) or fluorescence microscopy (Axio Observer. A1, Carl Zeiss). 
Alginate gel beads 

To prepare alginate beads in diameter about 20 !m, we discharged 1.5% sodium alginate solution (Sigma) to 5% 
calcium chloride (Sigma) solution by an inkjet system (WaveBuilder and PulseInjector, Cluster Technology, Osaka, 
Japan). The beads were incubated in a FITC-conjugated poly-L-lysine (Sigma) solution to be labeled with fluorescence 
as necessary. 
Assembly of cells and beads to form hetero-spheroids 

We established a system to gather 100 nm to 100 !m particles using 3% methylcellulose (MC; M0512; Sigma) 
medium [1]. The MC medium was pored into a petri dish using a positive-displacement pipette (Microman; Gilson, 
Middleton, WI, US) because it has a high viscosity. Hep G2 cell or the alginate bead suspended culture medium was 
adjusted as 2 " 106 cells/ml, or 2 " 106 beads/ml, respectively. We mixed same volume of them, and injected 1 !l of the 
mixture into the MC medium. In other words, 1,000 cells and 1,000 beads were put into the MC medium. Injected cells 
and beads were gathered within 10 min and incubated for 1 to 2 days to form hetero-spheroids. To pick the spheroids up 
from the 3% MC medium, we added 5 U/ml of cellulase solution (Onozuka RS; Yakult Pharmaceutical Industry, Tokyo, 
Japan) to the MC medium and incubate for 30 min to digest high molecular structures of MC 
Visualization of actin filament and nucleus 

Hetero-spheroid cultured for 24h were picked up from the 3% MC medium using cellulase solution and fixed with 
4% Paraformaldehyde (Sigma). The spheroids were then permeabilized with 0.025% saponin (Sigma) solution. 
Rhodamine-conjugated phalloidin (Life technologies, Carlsbad, CA, US) and Hoechst 33342 (Dojindo) were added and 
incubated for 2 to 4 hours and washed with phosphate buffered saline (PBS; Life technologies). 
Digestion of alginate beads and labeling of surface cells with 1 !m fluorescence beads 

To hollowing the hetero-spheroids, we incubated them in 200 !g/ml of alginate lyase (Sigma) solution for 10 min. 
Spheroids with or without microchannel were incubated in PBS suspending concentrated 1 !m fluorescence beads 
(Polysciences, Warrington, PA, USA) for 15 min at room temperature. Labeled spheroids were observed with a confocal 
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microscope.  
Fabrication of micro devices 

A silicon wafer was surface-treated using a mixture of 30% hydrogen peroxide and sulfuric acid at a volume ratio of 
1:2, and fluorinated acid. Negative photo-resist SU-8 (MicroChem, Newton, MA, US) was then spin-coated for ten 
seconds at 1,000 rpm, heated to 65 ˚C for 60 minutes and to 95 ˚C for 60 minutes, then cooled to room temperature. The 
SU-8-coated wafer was irradiated by ultraviolet light at 300 W/cm2 through a photo-mask for 80 seconds, and heated 95 
˚C for 60 minutes. Followed by infiltration filtered in 1-methoxy-2 propylacetone for 60 minutes, SU-8 was removed 
from the non irradiated part of the wafer, and a cast plate was obtained by coating the entire wafer with trifluorocarbon. 
A mixed solution of PDMS polymer: cross linker at a volume ratio 10:1 was poured on the cast plate, which was heated 
to 75 ˚C for 60 minutes to yield a solid PDMS. After the solid PDMS was peeled off the cast plate and the PDMS was 
surface treated with O2 plasma for 10 seconds followed by permanent bounding to the glass coverslips. A silicon tube 
with an internal diameter of 1 mm was installed on the devices to make inlet and outlet.   
 
 
RESULTS AND DISCUSSION 

Figure 1 shows alginate gel beads. When we used an inkjet head it had 25 µm nozzle diameter, adequate size (20 µm 
in diameter) beads were able to be made. To visualize under fluorescence or confocal laser microscope, the beads were 
incubated with FITC-conjugated poly-L-lysine for 10 min. Figure 2 represents the procedure for fabricating spheroids 
with microchannels. Injection of suspended cells/beads into 3% MC medium resulted in rapid aggregation of them 
because of the swelling property of the MC medium [1]. The heterogenic aggregates were cultured for 1 to 2 days to 
organize cell-to-cell adhesion. Spheroids with beads were removed from the MC medium and treated with alginate lyase 
to make microchannels. Spheroids with or without microchannels were stained for actin fibers and nuclei as shown in 
Figure 3. In normal spheroid were fully stuffed with cells. On the other hand, the spheroid with beads had network-like 
spaces connecting hole body of the spheroids. We tried to observe whether a flow was able to pass through the 
microchannels. We soaked the spheroids in a solution suspending 1 µm polystyrene beads that can stain cells by 
accumulation on the cells. Figure 4 shows only one or two layers of the cells in the normal spheroid were stained. In 
contrast, almost all area of the spheroids with microchannels was stained, indicating that the polystyrene beads reached to 
the center of the spheroid via microchannel network. As shown in Figure 5, we made simple micro devices that can trap 
and perfuse the spheroids. After trapping of the spheroids, we applied a buffer containing FITC-conjugated albumin. 
Figure 5-C showed that the buffer passed through the inside of the liver tissue spheroids. 

 
 
CONCLUSION 

These results showed that it is possible to make the liver tissue spheroids with microchannel network and indicated 
that these engineered spheroids may improve the supply and removal of gas and nutrients. 
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Figure 1: Alginate gel beads in diameter about 
20 !m (taken with a fluorescence microscope) 
 

 
Figure 2: Procedure to fabricate spheroids with 
microchannel network. The MC medium can 
absorb normal culture medium by swelling. 
Therefore, suspended cells/beads were gathered 
rapidly. Alginate beads can be enzymatically 
digested by alginate lyase. (Taken with a 
confocal microscope) 
 

 
Figure 3: Effect of alginate gel beads on 
organization of liver tissue spheroids. The area 
where the alginate beads existed was hollowed. 
(Projection images taken with a confocal 
microscope) 

 
Figure 4: Microchannel-dependent diffusion of 
1 !m polystyrene beads. Spheroid with 
microchannels was able to take in the 1 !m 
beads even in the center of the body, whereas 
only one or two surface layers in normal 
spheroid contacted the beads. (Taken with a 
confocal microscope) 
 

 
Figure 5: Perfusion test of liver tissue spheroid 
with microchannels. Albumin-FITC containing 
buffer was introduced from inlet. Microchannels 
inside of the spheroid were filled or flowed by 
the buffer. (Taken with a confocal microscope) 
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ABSTRACT 
    Human embryonic stem cells (hESCs) provided a cell source for biotechnological and clinical applications. Yet, 
there is limited understanding of how mechanical signals in the microenvironment of hESCs regulate their fate 
decisions. Here, we applied a microfabricated micromechanical platform to investigate mechanoresponsive 
behaviors of hESCs. We demonstrated that hESCs are mechanosensitive, and they could increase their cytoskeleton 
contractility with matrix rigidity. Furthermore, rigid substrates supported maintenance of pluripotency of hESCs. 
Matrix mechanics-mediated cytoskeleton contractility of hESCs might be functionally correlated with E-cadherin 
expressions in cell-cell contacts and thus involved in fate decisions of hESCs. Our results provided a novel approach 
to characterize and understand mechanotransduction in hESC function regulation. 
 
KEYWORDS 
Human embryonic stem cells, pluripotency, mechanotransduction, cell mechanics, microfabrication  

 
INTRODUCTION 

Experimental evidence established in recent years has shown that mechanical signals experienced by mouse 
embryonic stem cells (mESCs) through their biophysical interactions with the extracellular matrix (ECM) can play 
critical roles in regulating survival, proliferation and differentiation [1]. However, there is still limited knowledge of 
how mechanical signals in the local cellular microenvironment regulate fate decisions of hESCs, and advancing in 
such knowledge will be critical for both fundamental biological understanding and clinical applications of hESCs. 

Recently, our group and others have proposed the use of microfabricated elastomeric poly-dimethylsiloxane 
(PDMS) micropost arrays to regulate substrate rigidity, independently of effects on adhesive and other material 
surface properties [2, 3]. Our approach involves a library of replica-molded arrays of hexagonally spaced PDMS 
microposts from microfabricated silicon masters, which present the same surface geometry but different post heights, 
to control substrate rigidity. In this study, we proposed to apply the PDMS micropost array to study the 
mechanosensitivity of hESCs and how matrix mechanics could regulate pluripotency of hESCs. 

 
EXPERIMENTS 

The PDMS micropost arrays were fabricated using the protocol described previously [2]. Briefly, silicon micropost 
array masters were first fabricated by photolithography and deep reactive ion etching (DRIE). Negative PDMS mold 
was generated by peeling off the PDMS mold from the silicon master. To generate the final PDMS micropost array, 
1:10 ratio PDMS prepolymer was poured over the negative PDMS mold and was cured at 110oC for 40 hrs. The top 
surface of the PDMS micropost array was functionalized with human recombinant vitronectin to promote adhesion 
of hESCs. hESCs (H9 and H1, obtained from WiCell, Madison, WI) were maintained either on a feeder-free 
synthetic polymer coating (PMEDSAH) or mouse embryonic fibroblasts (mEFs). Single hESCs were obtained by 
treating cells with 0.25% Trypsin-EDTA and then seeded on the PDMS micropost array at a desired density. 

 
RESULTS AND DISCUSSION 

We first examined simultaneously expressions of Oct4 (a hallmark of stemness) in hESCs and their traction 
forces (Fig. 1).  The evaluation of cytoskeleton contractility indicated a significant difference between Oct+ and 
Oct- cells, as Oct+ hESCs showed significantly less total traction force per cell (Fig. 1B) and total traction force per 
cell area (Fig. 1C) as compared to Oct- cells. Vinculin, a FA protein, was used to examine the functional role of FAs 
in regulating the mechanosensitivity of hESCs (Fig. 1D). Vinculin-expressing FAs appeared to be concentrated on 
the cell periphery of Oct+ hESCs, while for Oct- cells FAs were randomly distributed across the cell spreading area. 
Next we investigated whether single hESCs could sense and respond to changes in matrix mechanics and whether 
matrix rigidity could influence pluripotency of hESCs. Our data showed that matrix rigidity could indeed play a 
significant role in regulating pluripotency of hESCs, as 24 hrs after cell seeding, more single hESCs plated on the 
rigid PDMS micropost array remained as undifferentiated Oct+ cells as compared to the cells on softer microposts 
(Fig. 2A) Oct- cells also consistently showed greater cytoskeleton contractility than Oct+ cells, regardless the 
micropost rigidity. Both Oct+ and Oct- cells increased their cytoskeleton contractility with micropost rigidity.  We 
further examined the functional role of nonmuscle myosin II activity on rigidity-dependent self-renewal of hESCs, 
by using blebbistatin to inhibit myosin II activity. As shown in Fig. 2D&E, the effect of blebbistatin treatment on 
hESC self-renewal was time-dependent. Blebbistatin treatment for 24 hrs had no significant effect on pluripotency 
maintenance of hESCs on the rigid PDMS micropost array. 
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However, long-term exposure to blebbistatin resulted in loosely connected single hESCs and a significant decrease 

in cell density and the percentage of Oct
+
 cells. Blebbistatin-treated single hESCs on the rigid PDMS micropost 

array appeared to behave differently from untreated cells on the soft micropost array, under both 24-hr and 4-day 

treatment conditions with blebbistatin (Fig. 2E). This observation suggested that although it is known that 

actomyosin activity can be downregulated for mechanosensitive adherent cells plated on soft substrates, other 

molecular mechanisms might also exist and work in parallel to transduce the rigidity signal to regulate stem cell fate, 

such as integrin-mediated adhesion signaling. 

We further investigated mechanosensitivity of small aggregates of hESCs and showed that larger aggregates of 

hESCs had a greater tendency to differentiate on softer micropost arrays while maintaining their Oct4 expressions on 

more rigid ones (Fig. 3A).  Figure 3B also showed that the average total traction force per cell for hESCs plated on 

the same PDMS micropost array was not significantly different among single cells, doublets or triplets, for both Oct
+
 

and Oct
-
 cells, suggesting that cell-cell contact might play an important role in regulating matrix 

mechanics-mediated hESC pluripotency.  We performed E-cadherin inhibition assays and showed that blocking 

E-cadherin activity in hESCs on both rigid and soft micropost arrays resulted in loosely connected single cells as 

compared to compact colonies formed by untreated controls (Fig. 4B).  Percentages of Oct
+
 cells also decreased 

significantly for E-cadherin inhibited hESCs as compared to untreated controls, regardless micropost rigidity (Fig. 

4C). Together, our findings in Fig. 4 supported a possible involvement of E-cadherin in rigidity-dependent 

self-renewal of hESCs. 

To examine whether substrate rigidity could regulate differentiation of hESCs toward specific lineages, we 

investigated the neural induction of hESCs plated on micropost arrays (Fig. 5).  Single hESCs were seeded on PDMS 

micropost arrays of different rigidities.  The cells were cultured in media containing knockout serum replacer, bFGF, 

and retinoic acid for 7 days before fixed and stained with antibodies against Sox1 (a transcription factor found in 

neuroepithelial cells) and Islet1/2 (transcription factor found in developing motor neurons).  Our results suggested 

that soft micropost arrays were conductive to and could promote and accelerate neural differentiation of hESCs.  

 

Figure 1 Differential cytoskeleton 

contractility and vinculin distribution for 

single Oct4
+
 and Oct4

-
 hESCs. (A) 

Quantification of subcellular traction 

forces for single. (B&C) Bar plots of total 

traction forces per cell (B) and traction 

force per cell area (C). **, p < 0.01. (D) 

Immunofluorescence images showing 

vinculin distributions in single hESCs 

(left: Oct4
+
; right: Oct4

-
). Scale bar, 20 

μm. 

 

Figure 2 Matrix mechanics-mediated 

behaviors of single hESCs on the PDMS 

micropost arrays of different rigidities. 

(A) Bar plot of percentage of Oct4
+
 cells 

for single hESCs plated on the PDMS 

micropost arrays of different rigidities. 

(B&C) Traction force per cell area (B) 

and total traction forces per cell (C). (D) 

Phase contrast and immunofluorescence 

images of hESCs treated with or without 

blebbistatin on both soft (Eeff = 1.92 kPa) 

and rigid (Eeff = 1,218.4 kPa) PDMS 

micropost arrays. Scale bar, 50 μm. (E) 

Bar plot of percentage of Oct4
+
 cells for 

blebbistatin treated hESCs and untreated 

controls as a function of the PDMS 

micropost array rigidity. Data in E was 

normalized to the value for untreated 

hESCs plated on the rigid micropost 

array under the 24-hr treatment 

condition. *: p < 0.05; **: p < 0.01; NS: 

p > 0.05. 
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CONCLUSIONS 
Together, our results highlighted the important functional link between matrix rigidity, cellular mechanics, and 

pluripotency and differentiation of hESCs and provided a novel approach to characterize and understand 

mechanotransduction and its involvement in hESC function regulation. 
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Figure 3 Matrix mechanics-mediated cellular 

functions of small aggregates of hESCs on 

PDMS micropost arrays with different 

rigidities. (A) Bar plots of percentage of Oct
+
 

cells for clustered hESCs of different sizes as a 

function of the PDMS micropost rigidity. (B) 

Plot of average total traction force per cell for 

both Oct
+
 and Oct

-
 cells contained in different 

sized hESC aggregates. Data in A & B 

represents the means ± s.e.m from 3 

independent experiments. *: p<0.05; **: 

p<0.01; NS: p>0.05.  

(C) Immunofluorescence images showing FA 

distributions in Oct
+
 (top) and Oct

-
 (bottom) 

hESC aggregates, as indicated by vinculin 

staining. Scale bar, 25 μm. 

 

Figure 4 E-cadherin expression of hESCs 

modulated by substrate rigidity. (A) 

Immunofluorescence images taken for Oct
+
 

and Oct
-
 hESC colonies on soft (Eeff = 1.92 

kPa) and rigid (Eeff = 1,218.4 kPa) PDMS 

micropost arrays, as indicated. Differentiated 

hESC colonies were marked with an arrow. 

Scale bars, 50 μm. (B) Phase contrast and 

immunofluorescence images of hESCs treated 

with or without DECMA-1 on both soft (Eeff = 

1.92 kPa) and rigid (Eeff = 1,218.4 kPa) 

PDMS micropost arrays. Scale bar, 50 μm. (C) 

Bar plot of percentage of Oct
+
 cells for 

DECMA-1 treated hESCs and untreated 

controls as a function of the PDMS micropost 

rigidity. 

Figure 5 Soft substrates could accelerate 

neural differentiation of hESCs. Immuno 

-fluorescence images showing hESC colonies 

after 7-d neural induction on soft (Eeff = 7.9 

kPa) and rigid (Eeff = 1,218.4 kPa) PDMS 

micropost arrays.  
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ABSTRACT 
This paper investigated the effect of extracellular matrix (ECM) on the morphology and activation status of astrocyte in 

microfluidic cell culture chip. The device provides a 3D co-culture system mimicking in vivo environment of central nervous 
system as well as axon isolation from neuron soma. Astrocyteswere seeded in collagen gel through small fluidic channels and 
neuron cells were aggregated at openings of small channel to large channels. This method not only separated neuronal soma 
from axon but also  segregatedneuronalbody from astrocyte. The interaction of axons and astrocyte in the chip showed that 
the properties of extracellular matrix determines the activation status of astrocytes.The morphology of astrocytes was com-
pared in two extracellular matrix such as collagen, a mixture of collagen andlaminin. The shape of astrocytes in laminin mix-
ture was more star-like that was almost same as in-vivo astrocyte than that in collagen only.Also the effect of TGF-β1 was 
higher in laminin mixture, which imply that the astrocytes in laminin mixture were deactivated  and those in collagen ap-
peared quiescent. Theexperimental results showed thatthe activation status of astrocytes can be controlled in 3D cell culture 
chip by the control of extracellular matrix material and the treatment of TGF-β1. Hence the suggested co-culture chip is ex-
pected to provide a model of axon growth after the damageof nervous system like spinal cord injury.  

 
KEYWORDS:Extracellular matrix, 3D cell culture, neuron, astrocyte, co-culture 

 
INTRODUCTION 

Nervous system contains neuron and glial cells that transmit reciprocal signals between organs and nerve system. Most of 
animals have two parts of nerve system: central nerve system (CNS) and peripheral nerve system (PNS). Especially, CNS 
playsa critical role in our body and get involved in serious diseases such as spinal cord injury, Parkinson‟s and Alzheimer‟s 
disease. The causes of these chronic neuronal diseases areapparently relevantto inappropriate interactions between cells. 
Therefore, researchers need in-vivo-like experimental models to elucidate the mechanism of chronic diseases through genetic 
manipulation of neuronal cells. Especially, we are interested in spinal cord injury model because no therapies are available to 
recover neuromuscular function andit affects a significant deterioration on quality of life[1].  

The Campenot chamber has been widelyused to segregate axons from neuronal soma to study axon growth. However, this 
system is not enough to embody in vivo-like environment to observe interactions between axon and glia. Although 2D culture 
models have been used tofind out important information regarding the reactivity of astrocytes as well as their effects on axon 
growth, there are limitations inrecapitulatingin vivo environment since astrocytes in 2D culture are highly reactive and proli-
ferative. We usedmicrofluidic deviceswith three dimensional cell culturefor facile observation of interactions between neuron 
and astrocyte. The activation status of astrocytesdepends on microenvironment of ECM. They are activated in 2D culture and 
they turn into „resting state‟when they are seeded in 3D culture [2]. Hence co-culture of neuron and glia in 3D culture pro-
vides the opportunity to observe the mechanism of activation of astrocyte, while it was hard to test in 2D culture. ECM com-
ponent alsoplays important role in controlling cell proliferation, migration and differentiation [3].  We tested collagen type I 
and investigated the effect of addition oflaminin to modulate physical and structural properties of the ECM scaffold. Trans-
forming growth factor–β1 (TGF-β1) was used to activate astrocyte sinceincrease of TGF-β1 levels in astrocytes is associated 
with astrocytic scar formation [4]. 

 
EXPERIMENTAL 

We used a microfluidic chip to locate neurons and astrocytes in 3dimension. SU-8 negative photoresist was used as a mas-
ter mold on silicon substrate. For easy detachment ofpolydimethylsiloxane(PDMS) mold from SU-8 pattern, the master was 
coated with (tridecafluoro-1,1,2,2-tetrahy-drooctyl)trichlorosilane. After mixing with curing agent, PDMS was poured up to 4 
mm thickness on the master and was cured at 80℃ for 1hour. The cured PDMS slab was bonded to a slide glass by plasma 
cleaner. The dimension of observation zone is 800 μm x 200 μm and height of all channels is about 165 μm (Fig.1). 
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Figure 1: Schematic diagram of the microfluidic chip 

for 3D astrocyte cell culture: It had three main channels 

for supplying cell culture media and four small channels 

for filling mixture of collagen and cells (a) overall view of 

the device (b) descriptions about each channel (b) sche-

matic diagram of observation zone: After solidification of 

mixture with astrocyte and collagen, neuron cells are at-

tached in a side of collagen wells 

 

The device consists of two channels: large channels 

were for offering culture medium and primary cortical 

neuron seeding and small channels were for filling colla-

gen mixed with primary astrocyte cells. We obtained cor-

tical rat neurons from E18fetal rat cortex and cortical as-

toryctes from P1rat cortex. These cells were cultured in 

neural basal media containing 2% B27 (vol/vol), 0.25% 

glutamax (vol/vol) and 2M L-glutamine.  

The devices were stored at 80 ℃overnight to recover 

hydrophobicity before filling collagen gel scaffold. The 

sterilized PDMS chips were filled with 2 mg/mL collagen 

Type  (pH 7.4). Collagen solution was made with a mix-

ture of 10x PBS, 1 M NaOH and sterilized deionized wa-

ter. For 3D primary astrocyte culture in the device, cells 

were seeded at a density of 5 million cells/ml in collagen 

gel solutionand stored in a cell culture incubator for 30 

min for gelation. After 3 days, primary cortical neurons 

(cell density was between 2.5 million cells/ml and 8 mil-

lion cells/ml) were loaded in large channels. To realize in 

vivo-like spinal cord injury environments, we treated 

10ng/ml TGF-beta1 for 7 days in each device. 

 

RESULTS AND DISCUSSION 

Because astrocyte cells could be activated after treatment of trypsin, we observed astrocyte morphology every day to veri-

fy resting state of astrocyte. To make stable condition, we seeded primary neurons after 3days of astorycte seeding in the mi-

crofluidic chip. Weobserved that astrocyte cells represented different morphology according to the ECM components. In our 

study, we used two kinds of ECM for three dimensional astrocyte culture; collagen type1 and a mixture of collagen type I and 

100μg/ml laminin. Astrocyte cells have more star-like shape in laminin mixture condition than only in collagen condition. The 

experimental result means that the mixture of collagen and laminin is closer toin vivo microenvironment because the astrocy-

tesappeared almost same morphology in vivo (Fig.2).Spinal cord injury model in the microdevice was demonstrated by the 

treatment of TGF- β1 and its effect on axon growth was investigated. 
To embody glial scar model in the device, TGF-β1 was treated every two days during a week. As a result, in lamininmix-

ture ECM condition, the effect of TGF- β1 on astrocyte activity was stronger than in collagen condition since axon growth 

was reduced by TGF- β1 more effectively (Fig.3 &Fig.4). We believe that ECM component influences cell shape and the 

function in 3D culture condition, which means that in vivo-like shape astrocyte can be activatedmore effectively by growth 

factor than round shape astrocyte in collagen by TGF- β1. 

 

CONCLUSION 

We developed a new method for co-culture of neuron with astrocyte. The experimental results confirmed that neuronal 

soma could be isolated by collagen scaffold and axon could grow into three dimensional collagen scaffold. Also, the device 

was used as a co-culture platform of neuron and astrocyte and the co-culture enhanced the axon elongation. In conclusion, our 

three dimensional microdevice was fairly effective in mimickingin vivo condition of spinal cord injury. We hope that the chip 

will be a useful tool for the experiment of spinal cord injury to substitute animal model. 
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Figure 2: Immunostaining image of astrocyte in 3D culture condition (red-GFAP blue-DAPI): astrocyte cell shows dif-

ferent cell morphology according to components of ECM (a) in collagen type 1, astrocyte shape is round and (b) in laminin 
added condition, astrocyte shape is star. It is very similar to in vivo environment. 

 
 
 

 
 
Figure 3: Microscope image of neuron culture without 

astrocyte (a) a photograph of observation zone in the mi-
crofluidic chip (20X, after 7 days) (b) a photograph about 
axon growth : asterisks (**) appear axons. In contrast to 
co-culture condition, axons were short and even axon de-
gradation was appeared. 

 

 
 
Figure 4: Confocal microscope image about immuno-

chemistry (MAP2- green, GFAP- red)(a) a chip for only 
neuron culture (b) a chip for  neuron-astrocyte co culture  
In contrast to neuron culture, a lot of  axons are shown in 
co-culture condition. 
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LINEAR FIBROBLAST ALIGNMENT ON SINUSOIDAL WAVE 

MICROPATTERNS 
 

Jessica R. Gamboa, Samir Mohandes, Phat L. Tran, Marvin J. Slepian, Jeong-Yeol Yoon
 

The University of Arizona, Tucson, Arizona, USA 

ABSTRACT 
We investigated the behavior of mouse embryonic fibroblasts on non-linear, sinusoidal wave grooves created via 

electron beam lithography (EBL) on a polymethyl methacrylate (PMMA) substrate. Three different wave patterns, with 

varying wavelengths and amplitudes, and two linear line patterns were created. For all wave patterns, we noted that cells 

did not reside within grooves as in line patterns; rather they aligned in a linear fashion, contacting the inside and outside 

of grooves. 74-81% of cells were aligned on the wave patterns, while 88-95% of cells were aligned on the line patterns.  
 
KEYWORDS 
Contact guidance, fibroblasts (3T3), micro patterning, polymethyl methacrylate (PMMA), cell alignment, micro 

topography, electron beam lithography 
 

INTRODUCTION 
Mammalian cells in vivo exist in a complex environment, which provides an intricate set of signals that affect cell 

behavior.  Of these signals, there are naturally occurring micro- and nano-topographical cues within the extracellular 

matrix which can influence cell arrangement, migration, and orientation [1]. A generic goal of tissue engineering is to 

create materials that may regulate and emulate spatial cues. As new implant materials are developed, understanding cell-
substrate interactions has become increasingly important. For many years, it has been recognized that cells respond to 

underlying substratum topographical features [2]. This phenomenon is termed contact guidance and is characterized by 

cell response to micrometer and submicrometer surface features. It has become clear that nearly all cell types will react to 

surface topography through adhesion, spreading, migration, and/or proliferation [3]. To date, this behavior has been 

studied predominantly on linear grooved patterns created through micro-machining, photolithography, and electron beam 

lithography. Linear groove patterns typically result in cell elongation, migration guidance along the direction of the 

grooves, and reorganization of the cytoskeleton [4]. Micro- and nano-pillars and micro- and nano-wells have been found 

to affect cell adhesion to surface substrata by either increasing or decreasing cell attachment depending on spacing and 

feature size [5]. Studies on hexagonal and random patterning have also taken place [6], but the majority of contact 

guidance has involved linear grooves or rectilinear arrays of posts and wells. However, in nature curvilinear architecture 

exists in many tissues and organs. This is vital for organ geometry and function.  In this study, we investigate the 

behavior of mouse embryonic fibroblasts, on curvilinear, sinusoidal wave grooves created using electron-beam 

lithography (EBL) on a polymethyl methacrylate (PMMA) substrate.  
 

MATERIALS AND METHODS 
Pattern Fabrication: A diced positively charged microscope slide was spin-coated with PMMA and subjected to EBL, 

using a FEI Inspec scanning electron microscope equipped with a nanopattern generation system to etch line and wave 

patterns created using CAD software. Wave patterns were defined by their amplitude (A) and wavelength (λ) in μm 

(wave 1: A=40, λ=10; wave 2: A=30, λ=5; wave 3: A=30, λ=10); all wave patterns had groove spacing of 20 μm. Linear 

patterns were used as a positive control for alignment; they were defined by their line spacing, 20 μm or 10 μm. After 

fabrication, patterns were measured and inspected using a Veeco Dimention 3100 AFM. 
Cell Culture: NIH 3T3 mouse fibroblasts were grown in Dulbecco’s Modification of Eagle’s Medium supplemented 

with 10% newborn calf serum, 1 M HEPES, 1% antibiotic, and 2% L-glutamine. Cells at 80-90% confluence were 

detached from the culture flask surface using trypsin and collected via centrifugation. Cells were resuspended to yield a 

final concentration of 200,000 cells/ml. 200 μl of the cell suspension was placed on the surface of the chips and allowed 

to seed for 10 minutes, after which an appropriate amount of media was added to the culture dish. The cells were 

incubated in 95% air, 5% CO2 at 37°C for 4, 24, or 48 hours before staining. Cells were stained for the visualization of 

actin filaments, using TRITC-conjugated phalloidin, and cell nuclei, using fluoroshield with DAPI.  
Image Analysis: An inverted epi-fluorescence Nikon microscope was used for imaging stained cells using 10x and 

60x objectives. Cell number, length, and width data was collected. Images were analyzed using ImageJ. For orientation 

data, pattern direction was designated 0°. Cells were considered aligned if they were within ±15° from the pattern 

direction. For control surfaces, the y-axis of the image was used as 0°. 
 

RESULTS AND DISCUSSION  
AFM imaging revealed that EBL created well-defined sinusoidal and linear grooves in the PMMA substrates, Figure 

1.  The PMMA thickness was between 650 and 680 nm, and groove width was between 4.6 and 5 μm in all patterns.  

PMMA was etched completely in areas exposed to the electron beam, thus, exposing the underlying positively charged 

glass.  
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Cells were cultured 4, 24, and 48 hours on the patterned surfaces and an unpattern PMMA surface as a control, 

stained, and imaged. Clear fibroblast alignment along wave and linear patterns was noted along PMMA patterned 

surfaces, seen in Figure 2. Fibroblasts on control surface tended to be randomly oriented and spread out, whereas cells on 

the patterned surfaces tended to be elongated and oriented with the pattern. Interestingly, alignment between wave and 

line patterns was similar despite the distinct difference in pattern shape. Table 1 shows percent cell alignment under static 

conditions for fibroblasts at 4, 24, and 48 hours after initial cell seeding. After 4 hours, alignment was seen on the line 

patterns, as 88% and 95% cells aligned, with wave patterns at 74%, 81%, and 78% aligned, compared to 14% of the 

unpatterned control cells aligned.  The majority of cells were seen to orient along the pattern direction for both wave and 

line patterns, with the greatest alignment seen 4 hours after seeding. Figure 3 shows histogram data for cells after 24-hour 

cell incubation. There is a clear trend in alignment for all pattern surfaces. For all wave patterns studied, we observed that 

cells did not reside within the groove, rather they were noted to reside largely on the elevated flat surfaces adjacent to the 

groove, crossing over the groove, typically aligning in a linear fashion (Figure 2), similar to the alignment on the line 

patterns. For the linear patterns we observed that cells aligned parallel to the patterns and tended to reside within the 

grooves (Figure 2), consistent with previous observations [7].  
 

 
A z-stacked image was taken using a Nikon confocal 

microscope to observe differences cell anchoring between line 

and wave patterns. As can be seen in Figure 4, for line 

patterns, cells tend to reside inside the groove, i.e. within the 

trough,  (A and B) whereas for wave patterns cells reside both 

inside and outside of the groove (C and D). Actin filaments 

are stained red. Thus, bright red indicates more actin filaments 

and black indicates lack of actin. In A, a concentration of actin 

can be seen along the groove. Since this is the bottom slice of 

the stack, this indicates that the cell is lying within the groove. 

This can be confirmed with the top slice, as it shows an 

absence of actin along the groove. In the wave patterns, we 

see that cells cross over the grooves and dip into each groove as it passes over it.   
Cell adhesion was observed at 24 and 48 hours and compared per pattern type, Figure 5.  It was noted that more cells 

tended to reside on wave pattern 3 and the 20 µm line spaced pattern after 48 hours.   
To increase the understanding of cell behavior on artificial surfaces, we have observed cell behavior on non-linear, 

sinusoidal patterned surfaces.  Interestingly, we observed linear cell alignment to the wave patterns and increased cell 

Table 1. Percent fibroblast alignment per pattern. 

Pattern 4 hours 24 hours 48 hours 
Wave 1 74% 53% 63% 
Wave 2 81% 68% 60% 
Wave 3 78% 52% 77% 

10 μm lines 88% 74% 83% 
20 μm lines 92% 68% 73% 

Non-patterned  14% 8% N/A 

Figure 2. Fibroblast alignment on PMMA. A: Wave 
1 pattern, 60x, B: 20 μm spaced lines, 60x,  C: 
control surface (no pattern), 10x. Scale bars are 20 
μm for A and B, 100 μm for C. 
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Figure 1. AFM images of patterns on PMMA 
surface. A: Wave 1, B: Wave 2, C: Wave 3, E: 10 
µm spaced lines, F: 20 µm spaced lines. 
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adhesion with specific wave dimensions. In the future, we plan to investigate the mechanisms involved in cell adhesion 

on underlying wave-patterned surfaces and the impact of such attachment on cell function and resistance to detachment 

under flow conditions. 

 
Figure 3. Fibroblast alignment 24 hours after seeding on patterned surface. Frequency on the histograms is plotted as a 

percentage of total cells counted, between 40-60 cells per pattern type. 
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Figure 4. Top and bottom slices from a z-stacked 
image of cells on A, B: 10 µm spaced line pattern and 
C, D: Wave 3. Red stain is actin filaments, green is 
vinculin, and blue is nuclei. 
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BIOFABRICATION OF LIVING VESSEL STRUCTURES 
INTEGRATED WITH FLUID PERFUSION 

Shintaroh Iwanaga1,2, Shigenori Miura1,2, Hiroaki Onoe1,2, Teru Okitsu1,2 and Shoji Takeuchi1,2 
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ABSTRACT 

This paper describes a biofabrication method of vessel-like structure with our gel fiber technology. Alginate was modified 
with gelatin to promote cell adhesion and proliferation, and treated with fibronectin (FN). Vascular endothelial cells (ECs) 
adhered and proliferated well on the modified alginate fiber. After embedding EC-coated fiber into extracellular matrix 
(ECM), ECs were transferred to ECM from the fiber, and then the fiber was easily removed with alginate lyase. Fluorescein-
labeled materials were flushed into the lumen, and it was observed small-sized molecules were leaked out to ECM. This ap-
proach would be applicable for the rapid biofabrication of functional luminal tissues. 
 
KEYWORDS: hydrogel fiber, endothelial cell, vessel structure, tissue engineering 

 
INTRODUCTION 

To fabricate large-scaled tissues by using cells in tissue engineering, biodegradable scaffolds are frequently used for im-
plantation or cell-seeding materials. Recently, many modified biomaterials suitable for cell adhesion and proliferation ap-
peared on the scene, and these biomaterials would be prepared for any  shape of scaffold rather easily. Alginate is one of such 
biomaterials used for scaffold. Sodium alginate can form gels rapidly with Ca2+, thus it is useful for biofabrication with micro-
fluidic device. Also, we can fabricate cell fiber easily by using alginate [1].  

Cells require nutrients and  oxygen to live, however, enough nutrients and oxygen could not be supplied deep inside the 
tissues with large-scaled scaffold. To fabricate large tissues in vitro, it is quite important to incorporate the vessel network in-
to fabricated tissues.  In this point of view, we focused on using our gel fiber to fabricate luminal structures. Alginate can be 
easily removed with lyase, thus we could prepare vessel-like structure by degrading alginate fibers with lyase after cells ad-
hered onto the surface of fibers.  

Alginate gel has high bioaffinity to cells, however, cells cannot attach and grow onto the surface of alginate gel [2]. With 
that, alginate was modified to have a cell-adhesive property with bonding gelatin covalently.  
 

 
 
Figure 1.   The concept of vessel biofabrication using with gel fiber. After culturing cells onto the surface of modified algi-
nate fiber, the  fiber is embedded into ECM gel. Cells are transferred onto ECM gel from alginate gel fiber, and lumen struc-
ture can be fabricated by degrading core gel fiber with alginate lyase. The fabricated vessel-like structure is expected to have 
molecular weight-dependent  permeability barrier characteristic of blood vessels. 
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EXPERIMENTAL 

Human umbilical vein endothelial cells (HUVECs) were purchased from Takara Bio Inc. and cultured in EGM-2 medium 

including FBS and endothelial growth supplements at 37°C and 5% CO2 atmosphere. Sodium alginate was covalently modi-

fied with gelatin using carbodiimide, and dialyzed against distilled water for 10 days to be purified. After dialyzing, modified 

alginate was lyophilized and stored at 4°C.  

First, cell adhesion property onto the surface of modified alginate gel was observed. unmodified alginate and modified al-

ginate gel membranes were prepared by spin-coating and soaking in CaCl2 solution. Cells were seeded onto each surface at 

1.0 × 10
4
 cells/cm2, and cultured for 1 day. After 1-day culturing, unattached cells were washed out with fresh medium, and 

observed under microscopy.  

Next, we examined the effect of FN treatment to the alginate gel surfaces. Three types of alginate gel membranes were 

prepared as same as previously; unmodified alginate, alginate mixed with gelatin and alginate grafted with gelatin. These al-

ginate gel membranes were soaked into FN solution at 37°C for 1 h, and then the amount of adsorbed FN was measured by 

micro BCA assay. 

And then, we evaluated the cell adhesion onto the modified alginate gel surfaces. HUVECs were seeded onto each alginate 

gel membrane and alginate fiber treated with FN. After culturing for 1 day, unattached cells were washed out with fresh cul-

ture medium. Cell adhesion and proliferation on the membrane sheets and the fiber was observed at 1-2 days and 4 days of 

culture respectively. 

Finally, we performed leaking test with fabricated vessel-like structure. Cultured HUVECs fibers were embedded into 

ECM gels (mixture of collagen and Matrigel), and cultured for another 12 h. Then, in order to fabricate luminal structure of 

cell fiber, culture medium containing 0.4% alginate lyase was flowed slowly within alginate gel fiber by using glass capillary. 

The luminal space was perfused for 1 h with fluorescein-labeled moleculules of different molecular weight. And the leakage 

of each molecule was observed under fluorescent microscopy. 

 

RESULTS AND DISCUSSION 

First, cells were seeded onto the surface of unmodified and modified alginate surfaces. Almost cells did not adhere on the 

unmodified alginate gel. On the other hand, cells adhered and proliferated on the modified alginate surface. However, cell 

grew slowly and did not reach to confluence. Therefore, we tried to treat the modified alginate with FN. FN is a well-known 

cell adhesive protein, and has a connective domain to collagen and gelatin. Thus, cell attachment was expected to promote on 

the modified alginate gel. Actually, the amount of adsorbed FN onto unmodified alginate or mixture of alginate and gelatin 

was approximately 100 ng/cm
2
, whereas that was about 400 ng/cm

2
 onto modified alginate (data not shown in this article). In 

this case, almost gelatin would be maintained within alginate gel thanks to covalent bonding with alginate, whereas gelatin 

partially might diffuse from mixed gel. Thus it was suggested that more FN could adsorbed onto modified alginate gel than 

mixed gel. 

Since many cells are known to adhere and spread well on the FN coated surface via integrin, cells were seeded onto the 

alginate gel surfaces after FN treatment (Figure 2). Onto the unmodified alginate surface, almost cells did not attach as same 

as on the FN umtreated surface. And only small amount of cells adhered and spread onto the mixed gel surfaces. On the other 

hand, many cells adhered and proliferated onto the modified alginate gel surfaces. Cells require enough FN amount to attach 

the surface via integrin, and effective amount is more than 100 ng/cm
2
 of FN surface density [3]. Thus it may indicate cells 

didn't adhere and proliferate well onto the mixed gel. These results demonstrated that the alginate modification by gelatin 

would increase the amount of adsorbed FN onto the surface, and thus cell attachment onto the modified alginate gel surfaces 

was dramatically improved.  

Finally, we examined whether fabricated vessel-like structure had a permeability barrier, one of the critical function blood 

vessels. Fluorescein-labeled glucose (Mw ~ 340) and FITC-dextran 4000 (Mw ~ 4000) passed outward from HUVEC lu-

minal space, whereas only a little FITC-dextran 20000 (Mw ~ 20000) passed through HUVEC layer within 1 h (data not 

shown in this article). The molecular permeability of endothelial monolayer become decreasing through over 1.5-nm size of 

Stokes-Einstein radius [4], and that is converted approximately 5000 in molecular weight of dextran. These results indicated 

that the fabricated vessel-like structure  has a molecular weight-dependent permeability barrier characteristic of living blood 

vessel. 

 

CONCLUSION 

In this study, we fabricated vessel-like structure using with modified alginate gel fiber. Alginate was covalently modified 

with gelatin, and FN robustly adsorbed to modified alginate. HUVECs attached and proliferated well onto the modified algi-

nate surface treated with FN. Fabricated vessel-like structure had a molecular permeability as similar to blood capillary vessel. 

Thus, it is indicated that functional luminal structure would be easily fabricated with our method. We believe this fiber tech-

nology would be great helpful to fabricate large and functional 3D reconstructed tissues in near future. 
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Figure 2.   HUVECs were cultured on each alginate gel surface treated with fibronectin. Modification with gelatin to algi-

nate increased FN adsorption onto the gel surface. And thus, cell attachment and proliferation onto the modified FN-treated 

surface were promoted. 
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MICROFLUDICS SPINNING OF FLAT FIBER WITH MICRO GROOVES 
FOR CELL-ALIGNING SCAFFOLDS 

Edward Kang 1, Yoon Young Choi1, Yoon Jung Choi1 and Sang-Hoon Lee1 
1Biomedical engineering, Korea University, Republic of Korea 

ABSTRACT 
 In this study, we propose a method for continuously fabricating alginate flat microfibers with size tunable 

grooved microstructures using a microfluidic system. By introducing a sheath fluid with a high-speed flow rate, an 
alginate solution could be both flattened and polymerized simultaneously. Raised patterns could be engraved on the 
surfaces of the flat fibers in the longitudinal direction, with successful control over the number and dimensions of 
microscale-grooves via regulation of the slit-shaped channel. 
 
KEYWORDS 
Microfluidic spinning, Grooved flat fiber, Cell alignment on patterned hydrogel 
 
INTRODUCTION 

Diverse micro-fabrication methods have been developed in an effort to produce substrates that promote 
tissue-specific cell culture organization.[1] Most recently, we reported the simultaneous production of multiple fibers, 
each of differing composition, using coaxial PDMS microfluidic channels.[2] Although these methods permit the 
simple and cost-effective production of uniformly sized micro fibers, mass production and alignment for 3D tissue 
organization presents several challenges.  

In this paper, we propose a method for continuously fabricating alginate flat microfibers with size-tunable 
grooved microstructures using a microfluidic system. To our knowledge, no previous studies have addressed the 
continuous mass fabrication of such thin flat microfibers with grooves a few microns in scale.  

 
EXPERIMENTAL 

A thin flat fiber (thickness < 10 m) engraved with grooved patterns a few microns in scale was continuously 
fabricated using a PDMS microfluidic platform consisting of a slit-shaped sample channel (20 m slit height), a 
thick sheath, and a reaction channel (200 m in height), as illustrated in Fig 1(a). A sodium alginate solution was 
introduced through the sample channel, and calcium chloride (CaCl2) solution was provided through two sheath 
channels. As the alginate solution traveled through the sample channel, the flow was squeezed and deformed by the 
engraved patterns on the surface of the slit-shaped channel (‘A’ region in Fig 1(b)). Extrusion of this deformed flow 
through the sample channel caused the sample flow to be focused by the sheath flow, at which point the alginate 
solution abruptly crosslinked, forming calcium alginate as the calcium ions replaced the sodium ions to crosslink the 
polymer (‘B’ region in Fig 1(c)).  

 
Figure 1 Production of flat fibers with microgrooves (a) Schematic diagram showing the process of generating flat 
fibers with microgrooves; A cross-sectional schematic diagram of (b) the slit-shaped channel (A’ in a) and (c) the 
reaction channel (B’ in d); 

 
As shown in Fig 2(a), Slower sample flow rates or faster sheath flow rates enabled the generation of thinner flat 

fibers, and the sheath flow rate proved to be more critical to reducing the thickness of the flat fiber than the sample 
flow rate. Fig 2(b) shows the throughput of the flat fiber. In contrast with the aspect ratio, the sample flow rate 
critically affected the production quantity. Fig 2(c) shows SEM (FE-SEM JEOL 4701F, JAPAN) images of flat fibers 
produced from alginate solutions with different concentrations. A relatively low concentration of alginate (1%) 
yielded entwined and wavy flat fibers Fig 2(d). 
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Figure 2 Size and shape of the flat fibers. (a) fiber dimensions (width/thickness) as a function of the sample flow rate 
(10–30 mL/h) and sheath flow rate (15–25 mL/h); (b) fiber throughput as a function of the sample flow rate and 
sheath flow rate; (c) SEM images and (d) magnitude images of the grooved flat fibers made from different 
concentrations of alginate solutions (1–4%). Scale bar indicates 20 m in (c) and 100 m in (d) 

 
RESULTS AND DISCUSSION 

Fig 3(a, b) show SEM images of smooth and grooved flat fibers. The flat fibers were continuously and stably 
produced without breakage, and the size and shape of the flat fibers and groove patterns were uniform along the 
longitudinal dimensions. Fig 3(c) shows a cross-sectional SEM image of a flat fiber with 5 grooves, indicating that 
the shape of the groove was rounded. The widths of the walls separating the grooves were approximately 11 μm, 

whereas the grooves themselves were approximately 6 μm in width. The thickness of a flat fiber was approximately 

6 μm; in contrast, the height of a groove was approximately 3 μm, as shown in the magnified image in Fig 3(d). 
 

 
Figure 3 SEM images of the microgrooved flat fiber. SEM images of a (a) smooth flat fiber and (b) grooved flat fiber: 
(c) cross-sectional image (line 1-1’ in d) and (d) magnified image (white box in c). Scale bar indicates 100 m in (a, 
b) 10 m (c), and 3 m (d). 

 
 Biomedical applications of the grooved flat fibers were demonstrated by isolating neuron cells from the 

embryos of pregnant Sprague Dawley rats on the 16th day of gestation. Fig 4(a) shows a fluorescence image of 
neuron cells on the smooth fibers. Most neuron cells on the smooth fibers migrated toward the edges and aggregated 
to form networks across the fibers. In contrast, on the grooved fiber, many neuron cells adhered to the ridges of the 
grooves and the neurites were projected along the ridges of the grooved fiber (Fig 4(b, d)). Grooved flat fibers can be 
used to align other types of cells in culture, including fibrous and epithelial cells. We cultured myoblast cells (Rat 
skeletal muscle cell, L6) on smooth and grooved flat fibers. Fig 4(c) shows fluorescence micrographs of the muscle 
cells on the fibers. Muscle cells grown on the grooved flat fibers aggregated within the microgrooves indicating that 
the deep microgrooves prevented the myoblasts from spreading over the ridges. This shows that cells were patterned 
along the microgrooves with topographic guidance. 
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Figure 4 Cell alignments on the microgrooved flat fibers. Fluorescence micrographs of neurons (a) on a smooth flat 
fiber and (b) on a grooved flat fiber; (c) Fluorescence micrograph of muscle cells on the grooved flat fiber and (d) 
SEM image of neurons on a grooved flat fiber. Scale bar indicates 50 m in (a, b, c and d) 

 
As shown in Fig 5(a), the cell orientation angle was evaluated by measuring the angle between the main axis of 

the cell and the grooves. The alignment angle on the grooved fibers was narrowly distributed around 0°, indicating 
that most neurites were aligned well along the fiber, whereas the alignment angle distribution on the smooth fibers 
was broad, reflecting the randomly directed neurites. As with neurite alignment on the fibers, The angular alignment 
distributions of the muscle cells on grooved and smooth flat fibers were 12° and 41° respectively, (on the control 
culture dish, the angle was 45°). Our results indicated that cells may sense the microtopographic features of the flat 
fiber, which guide cell migration, interaction, organization, and neurite orientation.  

 
Figure 5 Quantification of (a) the neurite orientation on the grooved and smooth flat fibers and (b) Rat skeletal 
muscle cells (L6) orientation on a control culture dish, smooth flat fibers and grooved flat fibers.  

 
CONCLUSION 

In summary, we present a novel and simple spinning method for continuously producing thin flat fibers with 
groove patterns using a microfluidic channel. The microgrooved flat fibers can be used not only to guide the 
morphogenesis of various types of cells, but also to integrate topographic control over cell alignment with the design 
of scaffolds for tissue engineering purposes, such as scaffolds for regeneration in SCI or PNI, or for reconnecting 
severed muscle tissue.  
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ABSTRACT  

We have developed a microsystem and the associated protocols for the electroporation of genetic markers into 
mouse embryos. Noticeably, using 3D insulating guides and adjusting the electric pulse sequence we could target 
discrete regions of these delicate organisms and thus follow tissue movements by imaging fluorescent proteins. 
 
KEYWORDS  
Transgenesis, Development, Morphogenesis,  Embryo culture, Cell viability. 
 
INTRODUCTION 

During embryonic development, interactions between cell groups enable the growth, migration, and specification 
of various tissues. The dynamics of these phenomena can be unraveled by manipulating gene expression 
spatiotemporally, for instance thanks to electroporation of DNA constructs [1].  However, 5.5 to 7.5 days-old mouse 
embryos are very small (~ 150 − 500 μm long) and necessitate new dedicated tools. Sharp metallic electrodes generate 

harmful chemical species (e.g. gas, protons) [3] and cannot be approached close to the outer epithelium in order to 
localize transgenesis [2]. Thus, an “electrodeless” strategy [4] has been set up where the electric field is generated by 

remote platinum pads and focused by dielectric microtunnels [5] (Fig. 1a). Moreover, we systematically investigated 
cell viability and pore generation so as to establish reliable protocols. The device we here propose is easy-to-use and 
allows a precise, safe, and reproducible targeting of desired regions in early post-implantation mouse embryos.  

 

 
Figure 1. (a) Schematic representation of the device. (b) Corresponding fabrication including platinum electrodes 
deposition on a glass wafer, dielectric guides patterning in SU8-2050, plasma hydrophilization, and Parafilm covering 
the assembly. (c) Optical micrographs of the chip welcoming a E6.5 embryo. (d) 2D FEM computation of the electric 
potential in the transgenesis chamber and of the voltage drop across the membrane of the embryo outer cells. The 
normalized results for 3D tunnels [] are compared with the ones for bare electrodes having the same geometry [––]. 
 
EXPERIMENTAL 

We realized the microsystem on a glass substrate, according to a straightforward four steps process (Fig. 1b): (i) 
the electrodes were obtained by patterning nLOF2070 (AZ Electronic Materials) by optical lithography, evaporating a 
20 nm thick of Ti and a 50 nm thick of Pt film, and lifting it in acetone. The resulting features consisted in pairs of 
aligned stripes, 2 mm large and 30 mm long, separated by 5 mm gap; (ii) the 90 µm high and 60 µm large dielectric 
guides, as well as the electroporation chambers and the electrode reservoirs were photolithographed in SU8-2050 
(MicroChem), a resist allowing high aspect ratio structures; (iii) the polymer surface was rendered hydrophilic using a 
300 mTorr air plasma treatment for 50 secondes in a plasma cleaner reactor (Harrick); (iv) the tunnels were closed by 
thermal bonding at 60 °C of a 127 µm thick Parafilm (Pechiney) ceiling in which appropriate access holes had been 
punched (Fig. 1c). 

Electric potential profiles were computed with the finite element method (FEM) software Comsol Multiphysics 
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3.5, using the Conductive Media DC application mode. More precisely, we solved the Laplace equation, i.e. ΔV = 0, in 

two dimensions over the domain associated with the buffer presence [5]. Both SU8 walls and embryo surface – the 

latter being modeled as an ellipsoid – were considered insulating (Fig. 1d). Conversely voltages at both electrode tips 

were fixed.  

Freshly dissected mouse embryos were immersed in a 15 μL drop of the electroporation solution that had been 

deposited on the device so as to cover the electrodes. According to the biomolecule to inject, the 150 mM NaCl 20 mM 

Hepes buffer, pH 7.0, was supplemented with either 2 mg/mL of FITC-dextran (FD4, Sigma) or 1μg/μL of pCAG-nls-

mCherry Electrotransfection was carried out using a TSS20 Ovodyne electroporator (Intracell) directly connected to the 

microsystem. A train of three square pulses, between 10 and 50 ms long – spaced by 1 s, was selected and the voltage 

was tuned to yield a 150 to 350 V.cm
-1

 electric field within the drop.  After electroporation completion, the embryos 

were rinsed in the dissection solution (DMEM-GlutaMAX, 4.5 g/L glucose – Invitrogen – supplemented with 25 mM 

Hepes and 10 % inactivated fetal calf serum). Subsequently, groups of 3 embryos were placed into 200 μL of culture 

medium (DMEM-GlutaMAX, 4.5 g/L glucose, 100 μg/ml streptomycin, 100 U/ml penicillin, supplemented with 75 % 

inactivated rat serum) and incubated in 8-wells chambers slides (NUNC) under standard cell culture conditions (37 °C, 

5% CO2) for up to 24 h. To differentiate necrotic cells from normal ones, embryos were incubated in 25 ng/ml 

Propidium Iodide (SIGMA)  in dissection medium for 20 min at 37°C. 

Embryo positioning during electroporation experiments as well as immediate fluorescence visualization were 

achieved on a M165FC stereomicroscope (Leica) equipped with GFP and Cy3 filters and connected to a Cool Snap HQ 

camera (Photometrics). This apparatus was selected because it enables easy embryo manipulation and because it 

minimizes UV exposure, hence preventing adverse effects related to phototoxicity. However, for detailed investigations, 

embryos were fixed 20 min in 4% Paraformaldehyde at room temperature, rinsed in PBS containing 0.02 % Tween-20 

and incubated 20 minutes at room temperature in 10µg/ml Hoechst 33342 (Invitrogen) in PBS/0.02% Tween-20. 

Embryos were imaged in PBS/0.02% Tween-20 using a LSM 710 Laser Scanning Microscope (Zeiss). 

 

 

RESULTS 

To decrease the number of cells touched by the electric field, the 2D guides of the first prototype [2] had to be 

closed by a ceiling [5]. Yet, we found difficult to fill with buffer the resulting 3D structures because they were built in 

hydrophobic NOA81 [5]. Therefore, we changed technology: the present tunnels are made of SU8 walls which 

hydrophilicity is systematically improved by air plasma treatment prior to Parafilm lid mounting (Fig. 1a-c). 

Incidentally, when compared with the previously used ‘microfluidic sticker’ process [6], fabrication is here greatly 

simplified.  

The guides shape has been devised to facilitate a fine tuning of the transmembrane voltage drop that drives 

electroporation and to exploit the full working range of the electroporator. Moreover, FEM simulations point that 

microtunnels yield an even better localization than metallic microelectrodes. Indeed, the curve displaying the 

transmembrane voltage at the embryo surface exhibits more pronounced variations for the ‘electrodeless’ device than 

for a system realized with two bare electrodes of the same size (see the computed profiles around M and N on Fig. 1d). 

The latter device would result in a larger electroporated area because of the lateral branching of electric field lines all 

along the metal stripes; on the contrary with tunnels a confinement is ensured up to their openings [5]. 

 

 
Figure 2. Poration and cell viability tests performed on E6.5 embryos. Bright field and fluorescence images were 

superposed for two different settings, either (a-b) 6 pulses at 25 V for 100 ms, spaced by 1 s, or (c-d) 3 pulses at 15 V 

for 50 ms, also 1 s apart. Pore formation is indicated by the penetration of the 4 kDa fluorescein labeled dextran (a and 

c) whereas dead cells are revealed by staining with Propidium Iodide (b and d).  

 

It is first interesting to note that no bubble was found inside the tunnels during electroporation, all the 

electrochemical reactions taking place in the dedicated reservoirs. Thus, reproducibility was optimal, as expected. 

We could then develop protocols to introduce genetic markers into mouse embryos at 5.5 and 6.5 days of 

development (E5.5 and E6.5 respectively). Employing two membrane impermeant fluorophores, we started studying the 

influence onto cell viability and pore generation of the various electrical parameters (i.e. the number of pulses, their 

intensity and length). Applied during electroporation FITC-dextran, a large polymer, reports on pores formation; used 
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for subsequent staining propidium iodide, an intercalator, indicates cell death (Fig. 2).  We observed that pulses should 
not exceed 20 V - 50 ms to avoid necrosis (Fig. 2a-b) and should remain larger than 10 V – 20 ms to stay efficient (Fig. 
2c-d). Furthermore, E6.5 embryos were found more fragile than E5.5 ones. For the former the best conditions are 3 
pulses at 15V – 30 ms, which results in more than 50 % poration and less than 50 % mortality. For the latter, with 3 
pulses at 15V – 50 ms no cell death was observed although incorporation of  the fluorescent marker was 100 % 
successful. 

In a second series of experiments we performed lineage tracing in E5.5 Hex-GFP transgenic embryos that 
specifically express the green fluorescent protein in their distal visceral endoderm (DVE) cells [7]. Electroporation of a 
plasmid coding for a nuclear mCherry red fluorescent protein was achieved with one microtunnel facing the DVE (Fig. 
3a). It resulted in the overlapping of GFP and mCherry signals after 24 hours culture (Fig. 3b-c). Additionally, in 
agreement with the literature, DVE cells tagged on the distal side of embryo (Dist.), moved towards the anterior side 
(Ant.) [7]. 

 

 
Figure 3. Targeting of DVE cells in a E5.5 Hex-GFP transgenic embryo. Bright field and fluorescence images were 
superposed (a) 3 hours and (b) 24 hours after electroporation with a plasmid coding for mCherry dissolved at 1 µg/µL. 
The dielectric guide was positioned as shown in blue and 3 pulses at 15 V for 50 ms were applied, 1 s apart. The second 
observation was performed 24 hours later, the DVE cells having migrated according to the white arrows. Colocalization 
was confirmed by confocal imaging (c), the blue color reporting for nuclear DNA staining with Hoechst. 
 
CONCLUSIONS 

Although localized electroporation of early stage mouse embryos is extremely difficult we succeeded in gently 
introducing a transgene in a given tissue. More specifically, we were able to efficiently target DVE cells and to follow 
their movement after 24 h of in vitro culture. The present ‘electrodeless’ strategy results in localized modification of 
gene expression while keeping the various species generated by the electric pulse (e.g. gas, protons) far away. Our 
microchip will help deciphering the dynamics of developmental events by performing lineage tracing studies or loss and 
gain of function experiments involving morphogens [8]. 
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ABSTRACT 
    An efficient cell transformation method is presented that utilizes droplet electroporation on microfluidic chip. 
Two types of green microalgae, wall-less mutant and wild type of Chlamydomonas reinhardtii, are used as model cells. 
The PDMS-glass electroporation chip is simply composed of a flow-focusing microstructure for generating 
cell-encapsulating droplets and a serpentine channel for better mixing of the content in the droplet, and five pairs of 
parallel microelectrodes on the glass slide, without involving any expensive electric equipment. The transformation 
efficiency via the microfluidic electroporation is shown to be more than three orders of magnitude higher for wall-less 
mutant, and more than two orders of magnitude higher for wild type, which has cell wall intact, than bulk phase 
electroporation under identical conditions. Furthermore, the microfluidic transformation is remarkably efficient even 
at low DNA/cell ratio, facilitating ways for controlling the transgenic copy number which is important for stability of 
transgene expression.  
 
KEYWORDS 
Electroporation, droplet, microalga, microfluidic, transformation.  

 
INTRODUCTION

Microalgae, ranging in size from 1 μm to over 2 mm, have received much spotlight lately because of their 
potential of producing algae oil as an alternative to fossil fuel and their use for a number of industrial applications. 
The ability to engineer microalgae genetically and eventual manipulation of their metabolic pathway would greatly 
enhance their utility in science and industry. Chlamydomonas reinhardtii, a unicellular green microalga, is the most 
widely used species as a model organism. 

Nuclear transformation protocols of C. reinhardtii are also broadly established for generating transgenic strains 
such as particle bombardment [1, 2], electroporation [3] and agitation with glass beads [4] or silicon carbide 
whiskers [5]. Among them electroporation and vortexing with glass beads are the most popular methods. In 
particular, electroporation achieved a maximum transformation of ~2×105 transformants per µg of DNA which is 
two orders of magnitude higher than what is obtained with the glass bead [4]. 

Microfluidics is ideally suited for single cell electroporation because it can be used to overcome the inherent 
drawbacks of bulk electroporation. First of all, only a relatively low potential is needed to generate high electric field 
strength with microelectrodes. Cell handling and manipulation is easier due to the dimensions of channels and 
electrodes that are comparable to cell size. Furthermore, heat dissipation is fast owing to large surface 
area-to-volume ratio. utilization of droplet electroporation on microfluidic chip to transform microalgal cell. 

Here, we have reported a continuous electroporation method using the droplet microfluidic technique, and 
demonstrated that the method yields a remarkably high  transformation efficiency even when the cell wall is not 
removed. Both wild-type cell with cell wall and wall-less strain of microalga, C. reinhardtii, were used as model cells. 
The high transformation efficiency made possible even at low DNA/cell ratio would eventually lead to ways to 
effectively control transgenic copy number. 

 
 

EXPERIMENT 

(a) (b)                 (c) 
 
Figure 1. Principle of droplet microfludic electroporation (a) schematic diagram, (b) a droplet with cell over 
electrode, and (c) electroporetic process of algal cell 

 
A highly efficient transformation method for algal cell was established by cell encapsulating droplet technique 

using PDMS microfluidic chip device equipped with multiple Au electrodes on glass substrate that was simply 
fabricated with no sophisticated accessories such as expensive pulse power supply (Fig. 1 and 2). Initially, the 
wall-less strain CC-400 of microalgae was tested to investigate the effects of four parameters on the electroporation 
efficiency: ratio of DNA/algal cell (Table 1), number of applied electric shock (Table 2), channel shape, and time 
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interval between electric pulses (Table 3). The best transformation efficiency of 8.14×10-4 and cell viability of 81% 
were obtained by droplet electroporation in microfluidic using the serpentine channel with five pairs of parallel 
electrodes on chip at a DNA/algal cell ratio of 1000. This chip process showed a transformation efficiency ~1600 
times higher than that (5.05×10-7) of commercial electroporator in bulk phase, a more than three orders of magnitude 
higher efficiency. Moreover, the wild-type CC-124 strain having the cell wall and membrane layers also exhibited 
~200 times higher transformation efficiency than the bulk process (Table 3). 

The droplet microfluidic electroporation must be useful for efficient transformation of algal cells as well as other 
microorganisms that are difficult to transform. Furthermore it facilitates ways for controlling the transgenic copy 
number which is important for stability of transgene expression. 
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Figure 2. Algal cell electroporation on microdludic chip: optical image of (a) droplet generation and single cell 
encapsulated in a droplet, (b) serpentine channel and electrode, and (c) whole electroporation chip system. The scale 
bar is 50 μm 
 
 
Table 1. Effect of DNA/algal cell ratio and electroporation techniques on transformation efficiency. Transformation 

was performed with 1.58×107 cells/mL of CC-400 cell-loading concentration, and serpentine channel with five pairs 
of paralleled electrodes. 
 

Transformation 
* DNA 

/algal cell 
Transformation 

efficiency 
100 1.57±0.33×10-6 
500 6.07±0.32×10-4 

1000 8.14±0.20×10-4 
+(2.45±0.18×10-4) 

On chip 

5.7×106 4.37±0.13×10-3 

1000 / 500 5.05±0.31×10-7 
Bulk phase 

5.7×106 4.80±0.21×10-5 
*molecular number of DNA per cell, + performed with straight channel 

 
 

Table 2. Effect of repeated electric shocks on the transformation efficiecy and cell viability by on-chip 
electroporation. Transformation was performed with 1.58×107 cells/mL of CC-400 cell-loading concentration, 1000 
DNA/cell ratio, and serpentine channel with different pairs of parallel electrodes. 
 

Electrode 
pairs 

Transformation 
efficiency 

Cell viability
(%) 

1 
2 
3 
4 
5 

8.37±0.33×10-7 
1.12±0.31× 10-6 
5.19±0.27×10-5 
8.88±0.21×10-5 

8.14±0.20×10-4 

- 
- 

95 
94 
81 

 
 
Table 3. Comparison of transformation efficiency between droplet microfluidic and bulk phase electroporation of 
cell walled strain, CC-124. Transformation was performed with 1.58×107 cells/mL of CC-124 cell-loading 
concentration, 1000 DNA/cell ratio, and serpentine channel with five pairs of parallel electrodes. 
 

Electroporation 
mehtod 

Ratio of DNA 
to cell 

Transformation 
Efficiency 

On chip 1000 1.51±0.32×10-5 
Bulk phase 1000 6.73±0.35×10-8 
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ABSTRACT 
    Sensitivity enhancement of enzyme-linked immunosorbent assay (ELISA) in capillary-based microdevice was 
achieved by the concentration of fluorescent final enzyme reaction product using capillary-isoelectric focusing 
(CIEF). In order to realize this, fluorescent substrate molecule, which can change its structure into ampholyte ion 
after an enzyme reaction, was newly synthesized and used. Approximately seven-fold enhancement of sensitivity 
and 1-2 orders of magnitude lower the detection limit were achieved. 
 
KEYWORDS 
Capillary isoelectric focusing, Enzyme-linked immunosorbent assay (ELISA), Sensitivity enhancement, Square 
capillary  

 
INTRODUCTION 

Enzyme-linked immunosorbent assay (ELISA) is an established method of protein analysis using enzyme labeled 
antibody. It is widely used for highly sensitive and selective clinical diagnostic tools. However, detection of low 
concentration marker proteins still remains as a problem. On the other hand, capillary isoelectric focusing (CIEF) is 
a well-known method for the separation and concentration of target molecules possessing isoelectric point, such as 
proteins and peptides, by using pH gradient formed inside the capillary. CIEF has an advantage that all target 
molecules can be concentrated at a certain point of capillary. Thus, if the final fluorescent product of an enzyme 
reaction in ELISA is concentrated, development of highly-sensitive ELISA exceeding the present sensitivity and 
detection limit is expected. In this research, design and synthesis of novel fluorescent substrates of alkaline 
phosphatase (ALP) which can change its structure into ampholyte ion after an enzyme reaction was carried out and 
applied to ELISA-CIEF in capillary-based microdevice. 

 
EXPERIMENT 

Synthesis of rhodamine type-ALP substrate (RD-DP) was carried out. ELISA using the synthesized substrates 
was performed inside a capture antibody (anti-human IgG)-immobilized square glass capillary (I.D.100m 
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(flat-to-flat), length: 4cm) by the conventional ELISA procedure using antigen (Human IgG) solution, ALP-labeled 
secondary antibody solution, and synthesized fluorescent substrate solution containing carrier ampholyte. According 
to the previous report, incubation times for immunoreactions were set to 20 minutes. 1 After immunoreactions, final 
enzyme reaction was carried out by introducing 50 mM Tris buffer (pH9) containing RD-DP (1.0×10-5 M), carrier 
ampholyte (Biolyte 3/10, 6 v/v %), and Tween 20 (0.1 w/v %). Enzyme reaction time was set to 60 minutes. After 
the enzyme reaction, capillary was set to the PDMS device shown in Figure 1, then, reservoirs were filled with acid 
(H3PO4: 0.02 M, 0.2 M, 2 M) and base solutions (NaOH: 0.02 M, 0.2 M, 2 M). Then, CIEF was carried out by 
applying voltage of 0.6 kV (150 V/cm). Fluorescence images were acquired by fluorescence microscope equipped 
with CCD camera. 

 
RESULTS AND DISCUSSION 

RD-DP shown in Figure 2 was designed as a 
fluorescent substrate, which can be used for CIEF, 
and synthesized successfully. RD-DP, which is 
generally a non-fluorescent compound, has 
enzyme reaction sites which can be cleaved by 
ALP to give fluorescent Rhodamine 110. Since 
the Rhodamine 110 has amine and carboxylic 
groups, CIEF concentration is possible.2 Figure 3 
shows a typical result of preconcentration of 
Rhodamine 110 by CIEF in poly(dimethylacrylamide)-coated capillary using 0.02 M acid and base solutions as 
reservoir solutions.  

Since the present concept involves the CIEF of enzyme reaction product in antibody-immibilized capillary, 
instability of the concentrated peak due to the effect of electroosmotic flow (EOF) was suspected. In the case of 
CIEF using antibody-immobilized capillary, successful preconcentration of Rhodamine 110 and no significant drift 
of concentrated peak were observed. However, concentrated band was very broad compared with the result shown in 
Figure 3. This may be attributed to the adsorption of Rhodamine 110 to the protein surface and relatively slow 
acid-base reaction of Rhodamine 110 with H+ and OH- introduced into capillary by electrophoresis, because amine 
and carboxylic groups in Rhodamine 110 were both aromatic ones. Thus we investigated the concentration of acid 
and base solutions in the reservoirs and found that the experiment using higher concentrations of reservoir solutions 
(2 M each) gave relatively narrow peaks. Thus, we applied this experimental condition to ELISA-CIEF.  

Figure 4 shows the fluorescence images of capillaries after conventional ELISA procedure (conventional ELISA) 
and further applied the electric field to concentrate the final enzyme reaction product (Rhodamine110) by CIEF 
(ELISA-CIEF). As expected, results of conventional ELISA showed fluorescence increase upon increasing antigen 
concentrations and response ranges of more than tenth of ng/ml level were observed. On the other hand, concerning 

14.0 15.013.012.0 (mm)
Distance from anode

300m

Figure 3  Concentration of Rhodamine 110 by CIEF

Conventional ELISA

1000
500
100
50
10

5
1
0

(ng/mL)
ELISA-CIEF
(ng/mL)300m 300m

0 10 (mm)

50


P

ea
k

ar
ea

 (
a.

u.
)

0 1 2 3
Log C  (ng/mL)

ELISA-CIEF

Conventional ELISA

20000

(mm)0 10F
lu

or
es

ce
nc

e
(a

.u
.) 50

1000
500
100
50
10

5
1
0

F
lu

or
es

ce
nc

e
(a

.u
.)

Figure 4  Comparison of the response for ELISA-CIEF and conventional ELISA

Sensitivity 
enhancement

Lowering
Detection limit

Distance Distance

 1736



the ELISA-CIEF, although the concentrated peaks were still broad, fluorescence intensities were enhanced by 
concentration. Figure 4 also shows the response curves for conventional ELISA and ELISA-CIEF by using peak area. 
In this case, peak areas obtained from 1cm capillary length shown in Figure 4 were plotted. Compared to 
conventional ELISA, ELISA-CIEF showed higher sensitivity by approximately seven-fold and 1-2 orders of 
magnitude lower detection limit.  

Thus present study clarified the new concept shown in Figure 1 actually worked and provided the possibility of 
detecting low concentration proteins in microdevice format. 
 
CONCLUSION 

Sensitivity enhancement and lowering the detection limit were achieved by the concept of ELISA-CIEF. Present 
results clarified that the enzyme substrates producing fluorescent ampholyte ion was quite useful for the 
highly-sensitive detection of proteins based on the principles of ELISA and CIEF. Present concept is expected to be 
expanded to multiple detection of different important proteins by using the capillary-array IEF format.3 
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ABSTRACT 
This paper reports on double-stranded (ds) DNA separation by silicon micro-pillar array chips. Micro-pillars with a 

high aspect ratio were fabricated, allowing a large sample loading using only a small chip footprint. Our work 
demonstrated that a 2cm array is sufficient to separate dsDNA fragments, ranging in length from 10 base pairs (bp) to 
400bp using ion-pair reversed-phase (IP-RP) chromatography. The separations were highly reproducible and a clear 
correlation between retention and DNA size as well as between UV absorbance signal and sample concentration was 
found. Subsequently, a Human Genomic polymerase chain reaction (PCR) sample was successfully analyzed by this chip. 

KEYWORD 
Silicon micro-pillar arrays, DNA chromatography, gradient elution mode. 

INTRODUCTION 
Microfabricated separation devices provide a powerful approach to miniaturization and integration of analysis 

systems, which have abundant applications in life science research, clinical diagnostics, drug discovery and 
biotechnology. Nucleic acid separation is considered as one such important application, which holds promise to enable 
fast and easy detection of DNA related diseases on portable systems. Liquid chromatography (LC) is a powerful 
technique for nucleic acid separation. Although it has been widely studied and showed many advantages in conventional 
high performance liquid chromatography (HPLC) columns [1], much less attention has been dedicated to nucleic acid 
chromatography in miniaturized systems. However, the recent development of silicon micro-pillar arrays as an 
alternative for the standard HPLC columns [2] brings a high interest to implement this technique into a Lab-on-a-chip 
system. Several important benefits of performing chromatography in micro-pillar arrays, owing to the use of advanced 
CMOS fabrication technology, can be listed: the ordered nature of the pillar array results in a reduction of the theoretical 
plate height by a factor of two compared to a packed column with equally sized particles [2], and this at a reduced 
pressure drop; the shape and positioning of pillars can be tailored with a high degree of freedom, allowing the conception 
of dedicated columns for individual applications; a small quantity of sample is required in the micro-pillar array column, 
which is beneficial when a minute amount of analyte is available, and also has a positive impact on the overall separation 
resolution and efficiency.  

Among many HPLC techniques, IP-RP chromatography, along with ion-exchange chromatography (IEC), is highly 
suitable for DNA separations because of its excellent resolution and of the ability to separate mixtures containing a large 
size range of both single- and double-stranded nucleotides. Using conventional HPLC columns, the resolution of DNA 
fragments smaller than 1000bp is about 2-8% of their length, the analysis time ranges from less than 1 minute to 30 
minutes and the reproducibility of DNA size measurement is high [1]. Moreover, it requires no prior sample preparation 
and it is possible to recover sample for further analysis by using volatile buffers, which can be easily removed by 
evaporation. In contrast to IEC, where the base pair sequence has a complex influence on retention, the elution order of 
dsDNA in IP-RP-HPLC reflects the size of the molecules in a more straightforward way. The retention is predominantly 
controlled by the overall charge and hence the number of the polynucleotides that can form ion pairs, and only 
marginally by the base composition. Considering these advantages of IP-RP chromatography in nucleic acid separation, 
we have chosen this technique to perform dsDNA separation on silicon micro-pillar array chips. 

In the current paper, a short channel consisting of high aspect ratio micro-pillars was defined on silicon to perform 
DNA chromatography. It can separate the dsDNA fragments in a large range (10-400bp) with a minimum length 
difference of 5bp. The separations were highly reproducible. The dependences of the retention on the gradient steepness 
and organic modifier (acetonitrile) concentration were studied. Moreover, we demonstrated the separation can be used 
for the determination of DNA size and concentration with an example where the length and the concentration of a 
Human Genomic PCR product were determined.  

EXPERIMENTAL 
An ordered array of straight cylindrical silicon micro-pillars was fabricated using deep-UV lithography followed by a 

Bosch etch process [3], as shown in Figure 1. The pillar diameter is 2μm and the inter pillar distance (IPD) is 1.25μm. 

Thanks to a very high aspect ratio (1:25), obtained by a dedicated etching process, a large sample loading volume is 
possible on a small chip size. This is an important feature if the analyte has to be used for further analyses which require 
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a relatively large volume/concentration. As the large volume is obtained by exploiting the large pillar depth, sample 
overloading effects can be avoided. The channel is then sealed by anodic bonding to Pyrex glass and access holes are 
opened from the silicon backside. In order to prepare the reversed stationary phase, the chip was surface-functionalized 
to be hydrophobic by using both dodecyl-dimethylchlorosilane (C12) and hexamethyldisilazane (HMDS) coatings. A 
solution of 5% C12 in toluene, followed by 5% HMDS in toluene, was pumped through the chip for 12 hours.  

 
Figure 1: SEM images of high aspect ratio micro-pillar array. a) Cross-sectional view of the pillars. b) Close-up view of 
the top part of the pillars. c) Close-up view of the bottom part of the pillars. The height of the pillars is 48.55µm; the 
pillar diameter is 1.45µm at the top and 1.84µm at the bottom, corresponding to a deviation angle, with respect to the 
vertical, of only 0.2°. 

To perform DNA separations in gradient mode, a commercial HPLC pump (RSLCnano, Dionex) was used to 
generate microfluids with precise mobile phase gradients and flow rates. The sample injection was controlled by two six-
port valves (Achrom NV, Belgium) via a capillary (inter diameter 20µm) injection loop. A UV absorbance detector 
(Dionex) connected to the outlet of the chip provides the DNA UV absorbance chromatograms obtained in a 3nl UV cell 
at the wavelength of 254nm. All DNA separations were performed in a 2cm long by 1mm wide channel. The pressure 
drop is much lower and the separation time shorter, compared to longer channels [4], which are two important 
advantages towards integrating micro-pillar arrays into miniaturized DNA analysis systems. 

RESULTS AND DISCUSSION 
Four experiments for the separation of five dsDNA fragments (50-400bp) were performed, using different acetonitrile 

gradients in the mobile phase. In the explored range the retention capacity factors are directly proportional to the 
logarithm of DNA size (Figure 2a). The concentration of acetonitrile in the mobile phase needed to elute each fragment 
was almost identical, independent of the gradient (Table 1). This suggests that the interaction between DNA and the 
pillar surface is an adsorption-desorption mechanism and that the gradient, not the length of the micro-pillar array, 
determines the retention time. By optimizing the gradient, 10 out of 11 fragments in an ultra low DNA ladder were 
separated with high resolution (Figure 2b). Only the smallest fragments 10bp and 15bp were co-eluted. 

Table 1: The concentration of acetonitrile in mobile phase for eluting DNA fragments in 4 different gradients (see 
caption in figure 2).  

Size (bp) 

Acetonitrile concentration (v/v) in % 
15min 30min 45min 60min 

50 9.54 9.48 9.45 9.33 

100 11.03 10.96 10.98 10.88 

150 12.00 11.96 12.00 11.94 

250 12.84 12.85 12.92 12.86 

400 13.51 13.52 13.65 13.56 

By using the DNA fragments of known length as size reference, the unknown length of other DNA fragments can be 
determined based on its retention in the identical chromatographic profile. Moreover, also DNA concentration can be 
identified by the chromatogram. Figure 2c shows the chromatograms obtained by injecting a 36nl volume sample 
containing 4 different concentrations of 100bp DNA fragment (1.25, 2.5, 5, 10ng/µl). Within the four runs, the retention 
time, 13.1mins, was highly reproducible (±1.8s for the peak maximum) and the UV detected peak area showed an 
excellent linear dependence with the concentration of the sample (R2=0.998) (see the inserted graph in Figure 2c). To 
demonstrate DNA length and concentration determination, a 135bp PCR-amplified human gene fragment was tested 
(Figure 2d). Firstly, five DNA fragments (50 to 400bp) were separated as size markers. Based on this, the dependence of 
capacity factor k on fragment length was determined: k=2.89*log(bp)-2.93, R2=0.991. Then, in the identical condition, 
the human gene fragment without prior purification after PCR amplification was injected in four runs with different 
dilution rates in pure water (10, 20, 30 and 40 times). From the average retention value 3.22 (with standard deviation of 
2.21%) of the four identical runs, the DNA length was calculated as 134.6 ±2.9bp. Using the concentration calibration 
curve in Figure 2c, the measured DNA concentration was converted from the peak area as 0.020 ±0.002µg/µl. 
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Additionally, the DNA fragment was purified since the PCR leftover reagents had less retention and thus were eluted and 

detected as a large peak at the void time, t0 (see Figure 2d). This example demonstrates the high accuracy of DNA length 

measurement in micro-pillar array using IP-RP chromatography with simultaneous sample purification and quantification 

of the concentration.  

 

Figure 2: a) Semilogarithmic plot of capacity factors of five dsDNA fragments (36nl mixture of 50, 100, 150, 250 and 

400bp dsDNA, 0.01µg/µl each) in four gradient conditions. b) A separation of an 11 fragment, ultra low range DNA 

ladder (36nl, 0.05µg/µl) by IP-RP chromatography. c) A calibration of UV absorbance peak area with dsDNA 100bp 

concentration. d) Chromatograms of five DNA fragments (36nl mixture of 50, 100, 150, 250 and 400bp, 0.01µg/µl each) 

(red curve) and PCR amplified human gene fragment, 135bp (black curves). In the inset, part of the chromatogram is 

enlarged to show the peaks corresponding to the 135bp fragment closely. Chromatographic conditions: mobile phase, 

0.1M TEAA, pH 7.0, acetonitrile concentration changes a) from  8 to 15% linearly in 15, 30, 45 and 60 min; b) from 5 to 

15% linearly in 60 min; c) and d) from 8 to 15% linearly in 20 min. Flow rate, 1µl/min; temperature, 25˚C; Detection, 

UV detector cell, 3nl, 254nm. 

CONCLUSION 

Silicon micro-pillar based IP-RP chromatography using gradient mode has been proven to be a promising 

miniaturized format for the separation of relatively short dsDNA. A short (2cm long) chip proved to be efficient for high-

resolution separations. The experiments with different gradients indicated an on-off nature of the interaction between the 

DNA molecule and the pillar surface and thus it would be possible to further reduce the chip length and shorten the 

separation time without losing too much in resolution. Thanks to the high retention reproducibility and the high detection 

sensitivity, separations can be used for the determination of dsDNA sample length and concentration. Furthermore, PCR-

amplified DNA fragments can be quickly separated from the other reaction components, identified and quantified in a 

single step by using IP-RP chromatography in micro-pillar arrays.  
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analyses of 1 kbp DNA ladder with/without adding Ca
2+
 were also carried out. 

In capillary electrophoresis, P/ACE MDQ (Beckman Coulter) systems equipped with a LIF or UV absorbance 

detector were employed for the fundamental studies on the generation and characteristics of the hydrogel.  As the 

hydrogelation in the microfluidic device, Ca
2+
 was electrokinetically introduced into the capillary filled with a BGS 

containing sodium alginate, providing the capillary filled with the alginate hydrogel.  To evaluate the applicability 

of the alginate hydrogel to an affinity separation, hydrogels with/without encapsulating avidin as an affinity ligand 

were formed by the electrokinetic introduction of Ca
2+
 into the capillary partially filled with the BGS containing 

sodium alginate and avidin or no avidin.  After the formation of the hydrogels, a sample solution was 

electrokinetically injected into the capillary, and then the separation voltage was applied to both ends of the capillary.  

As the test analytes, biotin and a mixture of 1, 5, and 10 kbp DNA fragments were used for evaluating the affinity of 

encapsulated avidin and size separation by the formed hydrogel, respectively 

 

RESULTS AND DISCUSSION 

In microchip electrophoresis (MCE), λ-DNA rapidly migrated toward the anode by the electrophoresis with 

maintaining a spherical conformation as long as no Ca
2+
 injection into the separation channel.  By adding Ca

2+
 into 

the BGS as shown in Figure 2a, on the other hand, the conformation of λ-DNA was changed from spherical to 

U-shape (Figure 3) with a remarkable deceleration of the electrophoretic migration of DNAs.  These results 

indicate two important characteristics of alginate/alginate hydrogel: One is the less molecular sieving effect of the 

sodium alginate solution without Ca
2+
.  The other is that the hooking effect of the generated hydrogels, which might 

allow DNA fragments to be resolved according to their size by the molecular sieving effect. 

 
MCE analyses of 1 kbp DNA ladder were conducted in the separation channel with/without the alginate hydrogel 

to confirm the size-separation efficiency of the alginate hydrogel.  The obtained electropherograms were depicted 

in Figure 4.  As a typical result, the DNA ladder could not be separated in the sodium alginate solution (Figure 4a), 

whereas could be slightly resolved with the formation of the alginate hydrogel (Figure 4b).  In addition, a couple of 

the trapped DNA bands were observed in the separation channel after the MCGE analysis of 1 kbp DNA ladder 

(Figure 4c), indicating the molecular sieving effect of the formed alginate hydrogel. 

 
To investigate the molecular sieving effect of the generated hydrogel in detail, electrophoretic analyses of DNA 

fragments were also carried out by using the alginate hydrogel-filled capillary.  As a typical result, a mixture of 100, 

500, and 1000 bp DNA fragments were not resolved at all in the capillary filled with a sodium alginate solution 

without the hydrogelation (Figure 5a).  In the alginate hydrogel-filled capillary, on the other hand, 500 and 1000 bp 

DNAs were well resolved, whereas 100 and 500 bp DNA fragments were not.  These results also indicated the 

capability of the alginate hydrogel as a molecular sieving medium, while a significant band broadening was also 

observed as shown in Figure 5b.  This band broadening suggests the inhomogeneous structure of the alginate 

hydrogel, so that the protocol of the hydrogelation has to be optimized to achieve further effective separations of the 

complicated DNA mixtures. 
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Figure 4. Effect of the on-line gelation on the separation of DNA fragments. (a, b) Electropherograms of 1 kbp 

DNA ladder without/with the on-line gelation of alginate, respectively. (c) Fluorescence imaging of the 

microchannel after the MCGE analysis with the on-line gelation. The BW reservoir was filled with (a) BGS and 

(b) BGS containing 10 mM CaCl2, respectively. Separation length, 10 mm. Detection, LIF (ex/em = 488/520 nm). 
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Figure 3. Variation of the conformation of λ-DNA during 

the electrophoretic migration. Fluorescence images were 

observed (a) 19 and (b) 25 s after injecting λ-DNA and 

Ca
2+
 into the separation channel. 
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To realize the proposed blotting device, it was also required to evaluate the encapsulation of affinity ligands by 

the alginate hydrogel with maintaining their affinities.  Avidin, which has a strong affinity of interacting with biotin, 

was selected as a test ligand.  A sodium alginate solution containing fluorescein isothiocyanate (FITC)-labeled 

avidin was partially introduced into the capillary filled with the BGS containing Ca
2+
.  After applying a voltage to 

the capillary, the fluorescence from FITC-avidin was only observed at the partially filled hydrogel zone formed by 

the addition of Ca
2+
, indicating the encapsulation of avidin in the hydrogel.  Affinity capillary electrophoresis 

(ACE) of biotin was also conducted to clarify that the alginate could maintain the affinity of the encapsulated avidin.  

As a typical result, biotin was detected in the prepared capillary partially filled with hydrogel without avidin, 

whereas not observed in that encapsulating avidin (Figure 5). Hence, it was found that the alginate hydrogel could 

encapsulate the affinity ligands with maintaining their affinity without any difficult/troublesome procedures [1–3]. 

 

 
 

Consequently, these results indicate a feasibility of alginate hydrogel to the proposed microfluidic blotting device 

integrated with MCGE and ACE.  The multiplication of the channels filled with the hydrogels is in progress for the 

realization of the proposed microfluidic blotting device. 
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Figure 5. Electropherograms of DNA mixture obtained by using the capillaries filled with (a) sodium 

alginate solution and (b) alginate hydrogel, respectively. BGS, 0.1% sodium alginate prepared with (a) 25 

mM HEPES buffer (pH 7.5), (b) 5 mM CaCl2, 25 mM HEPES buffer (pH 7.5); sample, 5.0 ng/µL 100, 500, 

and 1000 bp DNA fragments labeled with YOYO-1 prepared with 25 mM HEPES buffer (pH 7.5); capillary, 

fused silica capillary (50 µm i.d., total/effective length, 40/30 cm); sample injection, pressure (0.3 psi, 5 s); 

detection, LIF (ex/em = 488/520 nm). 
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A NOVEL DEVICE FOR HIGHLY EFFICIENT EXTRACTION OF  
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ABSTRACT 
    We have designed a novel device to electrokinetically extract nucleic acids from 100 !L of lysed whole blood 
with high efficiency in less than 30 minutes. We performed this extraction using isotachophoresis (ITP), a technique 
that achieves selective, rapid pre-concentration and separation of molecules based on electrophoretic mobility. 
Previous efforts to extract nucleic acids from complex biological samples using ITP have typically operated in 
etched glass microchannels or capillary systems with separation capacity equivalent to 100 nL of blood or less. The 
device was designed for separation capacity of 100 !L. We have demonstrated a preliminary extraction efficiency of 
25%. 
 
KEYWORDS 
Sample preparation, nucleic acids, isotachophoresis, scaling.  

 
INTRODUCTION 

Isotachophoresis (ITP) is an electrokinetic technique in which a two-buffer electrophoretic system creates 
shockwaves that both separate and concentrate ions based on electrophoretic mobility. We have demonstrated that 
ITP is a promising technique for separation of nucleic acids from complex biological samples such as blood and 
urine [1]. However, previous efforts to extract nucleic acids from using ITP have typically operated in standard 
etched glass microchannels or capillary systems. The small volumes of these chips have limited the throughput of 
the technique. A typical glass microchannel (for example, Caliper NS12A) has the capacity to separate order 100 nL 
of blood in a single batch process using ITP. We designed and fabricated a novel device with a separation capacity 
of 100 !L blood while maintaining a sample processing time of less than 30 min. We achieve this increase in 
throughput by using a high-aspect ratio geometry that rejects Joule heating and increases total channel volume 
1000-fold. In addition, we have added a secondary buffering well for both the leading and trailing electrolytes. By 
separating the buffering reservoirs from the sample reservoirse, we have provided sufficient buffering capacity to 
prevent large pH changes due to electrolysis.  

 
DEVICE 

The device consists of stereolithographically-defined reservoirs (Figure 2) attached to 50 x 75 mm glass layers 
that define the length and width of the channel. The plastic reservoirs were fabricated by Fineline Prototyping 
(Rayleigh, NC) in Renshape 7820. They contain space for a 5 x 5 x 50 mm porous plastic separator that allows 
electrical connection between the buffering reservoir and the sample reservoir while reducing mixing between the 
two. The glass channel is constructed from two 50 x 75 mm glass microscope slides. These glass layers are spaced to 
form a 250 !m tall separation channel using polyisoprene spacers. This spacing produces a channel with total 
volume of with a volume of 900 !L.  

Loading the wide, flat channel with buffer without introducing bubbles can be difficult. We fabricated 
phaseguides [2] on one of the glass surfaces using Rayzist SR3000 photoresist to make the loading process more 
consistent. These structures alter the hydrophobicity of the surface, causing the buffer to fill the channel one section 
at a time. However, Rayzist is somewhat water soluble. This causes the phaseguides to degrade after use. We are 
exploring other fabrication materials. 

 
Figure 1. a.)Image of device showing the wide central channel connecting two plastic reservoirs on each side. Blue 
strips are photoresist phaseguides to aid device loading. Porous spacers form a sample inlet, sample outlet, and two 
buffer/electrode reservoirs. b) CAD drawing showing details of the fabricated reservoir. The device uses a 
stereolithographically defined plastic chamber. A porous plastic spacer separtes this into two reservoirs for 
electrode buffer and sample volumes. Stereolithography allows us to quickly and cheaply fabricate complex 
geometries for our devices. 
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EXPERIMENT 
To prepare the device for operation, we loaded aqueous leading electrolyte (LE) buffer containing 10 mM 
6-aminocaproic acid and 5 mM HCl into the separation channel. We added 100 mM 6-aminocaproic acid and 
50 mM HCl into the leading buffering reservoir. We added 100 mM 6-aminocaproic acid and 50 mM acetic acid into 
the trailing buffering reservoir. We pipette in 100 !L of nucleic acid solution diluted in 10 mM 6-aminocaproic acid 
and 5 mM acetic acid into the sample reservoir and apply electric field to perform sample preparation. The nucleic 
acids are electrophoretically transferred through the channel toward the negative electrode, where they elute into the 
clean LE buffer. We then collected the nucleic acids, diluted in clean LE, and used this solution to perform 
quantitative PCR, as shown in figure 3. We show recovery of 25% of dispensed synthetic DNA based on qPCR 
threshold cycle. 
 

 
Figure 3. Off-chip quantitative PCR curves showing the purity and abundance of extracted DNA from a 100 !L 
sample. Based on the threshold cycle of the extracted DNA sample, we calculate a preliminary yield of 25% from the 
sample. We hypothesize we can increase this to very near 100% extraction efficiency.  
 

We visualize operation of the device using Alexa Fluor 488 and fluorescein. We replaced 6-aminocaproic acid 
with bis-tris propane, and replaced acetic acid with hepes. This combination of buffers allows Alexa Fluor 488 to 
focus, while fluorescein remains behind in an unfocused zone. Both dyes were visualized by illuminating the device 
with a blue LED, and imaging the device under a stereoscope with 0.19x magnification. Images were captured using 
a Micromax CCD camera. Results are shown in figure 4a.  

The device throughput is limited by heat dissipation. We deigned the device geometry to minimize temperature 
rise during extraction, and analyzed the theoretical steady-state temperatures. We measured steady-state temperature 
as a function of operational current using thermocouples inserted into the device. As shown in Figure 4b, the device 
can operate at up to 10 mA while maintaining a temperature within 10°C of room temperature, using the 
bis-tris/hepes buffer combination. 

      
Figure 4. a) Fluorescence visualizaton of device operation. High-mobility Alexa Fluor 488 focuses into the ITP zone, 
while the lower-mobility fluorescein trails behind as an unfocused zone. The distance between the DNA simulant 
here (alexa fluor) increases from contaminants (fluorescein). The target sample ions (Alex Fluor) travel toward the 
anode, where they are collected, and the fluorescein discarded. b) Measured temperature in the extraction device 
(maximum temperature in channel) as a function of applied current. The device throughput is limited by Joule 
heating, but it can operate at currents as high as 10 mA with a temperature rise of approximately 10°C. We 
hypothesize we can extract all DNA from 100 !l by balancing focusing dynamics, temperature, and buffering 
capacity. 
 

1745



With this device, we demonstrate that isotachophoresis can be applied to a range of sample sizes. The extremely 
small volumes of typical microfluidic chips need not limit the volume of sample that can be processed. This is 
particularly important because samples containing rare sequences are subject to Poisson statistics. Small processed 
volumes may not contain important targets, rendering the extreme sensitivity of PCR amplification irrelevant. To our 
knowledge, our system is unique in addressing separation capacity, extraction efficiency, and throughput in a system 
for extracting nucleic acids from a biological sample using isotachophoresis. 
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Figure 1.  Experimental setup.  A passive chip made 
of Polydymethylsiloxane-on-glass (A) is placed on a 
piezoelectric transducer (B). A general ALCAT 
structure is shown in C. No external tubing or syringe 
pumps are required. 

ACOUSTIC MICROCENTRIFUGE ARRAYS FOR RAPID  
PARTICLE SEPARATION FROM MICROVOLUME BLOOD SAMPLES 

Arlene Doria, Maulik Patel, Nicholas E. Martin, and Abraham P. Lee 
Department of Biomedical Engineering, University of California - Irvine, USA 

ABSTRACT 
Technologies for the separation of mixtures are essential tools for chemists and biologists. Research and clinical 

laboratories use different strategies such as sedimentation, filtration, chromatography, and centrifugation. It is ideal to 
use smaller sample volumes when reagents and samples are costly and/or limited. However, sample handling can pose 
a challenge when dealing with microvolumes.  Herein we report a microfluidic device that acoustically separates a 15 
µL blood mixture into three components: a) 43µm latex beads, b) red blood cells (RBCs), and c) fluorescein-spiked 
plasma in roughly a minute.     

KEYWORDS 
Cell separation, acoustic, ultrasound, blood, microfluidic, latex beads  

INTRODUCTION 
Centrifugation has long been the standard lab 

technique for separating particles by particle size, density, 
shape, and viscosity [1].  However, lab researchers 
encounter difficulties when centrifuging small volumes 
because samples are easily lost during pipetting and 
decanting steps.  Automated robotic sampling can 
address the issues with handling small sample volumes.  
However, these machines are costly.  Here we present a 
novel device that rapidly separates a dilute amount of 
large latex beads (43 µm) from a dense 15µL blood 
sample.  The device also separates RBCs from plasma 
(as presented previously [2]). The mechanism of 
separation is accomplished by air-liquid cavity acoustic 
transducers (ALCATs). ALCATs are air cavities that form 
naturally in hydrophobic devices filled with liquids.  
When activated by ultrasound, the air-liquid interfaces 
will oscillate and create stable cavitation streaming 
within a localized region of the surrounding liquid. 
ALCATs have been shown to be useful for pumping, 
mixing, and cell/particle switching [3].   Fluid and particle manipulation can be accomplished on a passive, disposable 
chip that is placed on top of an external acoustic transducer with a coupling medium (Figure 1). 

EXPERIMENT 
In our device design, arrays of ALCATs line a serpentine channel (Figure 2, left). ALCATs are angled toward the direction 
of flow (Figure 2, right).  When actuated by ultrasound, ALCAT arrays trap particles in microvortices while 
simultaneously pumping plasma downstream effecting a separation of plasma from cells and beads in roughly a minute.   

 

Figure 2.  Chip design (left). While blood flows to the outlet, actuated ALCAT arrays trap particles in microvortices 
effecting a separation of plasma from cells.   Microscopic view ALCATs show that ALCATs are angled toward the 
direction of flow from left to right. 
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The cumulative effect of thousands of microvortices will separate particles based on size because larger particles 

experience greater shear gradient lift forces [4] from cavitation streaming which in turn traps them in microvortices.  A 

macroscopic view of the device in action shows the formation of a purple plug of 43 µm beads (~0.200µL) being 

separated from RBCs (~5um-8um) in the lagging end of the flow (Figure 3). In the leading end of the flow, cell-free and 

bead-free plasma is separated.  A microscopic examination from upstream to downstream locations (Figure 4A-D at 

100X magnification) on the device shows successively diluted solution. This preliminary evidence supports that the 

separation is based on particle size.  For the 43µm latex beads, the interaction of the beads with the walls of the 500µm 

by 100µm channels is enhanced by the acoustic streaming generated by ALCATs.  Hence, a combination of the beads 

interacting with the channel walls and the microvortices result in the concentration of beads in the lagging end of the flow.    

 

 

 

 

 
Figure 3.  Snapshots of large purple 43 µm beads (asterisk) progressively being separated over a few seconds 

from red blood cells (~5-8um) while plasma is also being separated downstream.  

 

Figure 4.  Microscopic examination of the fluid within the channels from upstream to downstream (A-D) 

locations after component separation has occurred. Upstream is concentrated with large beads(A) while 

downstream (D) is cell/particle free plasma.  
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Figure 5.  Computational fluid dynamic simulation of trapping using 

CFD-ACE+ showing qualitative agreement with the video snapshot of 

dynamic particles trapped in vortices. 

 

   The chip was made of polydimethylsiloxane bonded to a glass cover slip and fabricated using standard soft 

lithography techniques.  A blood mixture was made by mixing equal volumes of whole blood, a fluorescein 1% salt 

solution, and 1% latex bead solution. The device was activated using 20 voltage peak to peak at 44 kHz.   The oscillating 

air-liquid interfaces create local vortices that trap particles while simultaneously pumping plasma downstream effecting a 

net separation of cells from plasma. This was modeled on CFD-ACE+ using oscillating velocities that are approximately 

normal to arc-shaped inlets (Figure 5, top left).   A snapshot of the velocity magnitudes from the simulation shows that 

fluid will be propelled downstream from left to right (Figure 5, top right).    Cells were modeled as spray particles.  In 

the presence of the oscillating velocities, transient simulations show particles are trapped near the inner corners of the 

ALCAT structures (Figure 5, bottom left).  Simulation of blood cell trapping showed qualitative agreement with 

experimental (Figure 5, bottom right). 

    In summary, this unique method of 

separation does not require external 

pumps to flow sample into the device.  

It is expected that biological and 

non-biological samples can be used to 

separate particles of various size from 

small sample volumes. However, high 

throughput can potentially be reached 

by parallel construction of ALCAT 

arrays.  As demonstrated in these 

blood samples, cell types of different 

sizes (e.g. large cancer cells or small 

bacteria) can potentially be separated 

from solution if the ALCAT arrays and 

transducer properties are optimized. 

Because ALCAT microstructures can 

be fabricated in only a single layer it is 

amenable to conventional 

manufacturing processes such as hot 

embossing and injection molding. 

Furthermore, piezoelectric transducers 

as fluidic drivers are durable because 

no moving parts are required.  Finally, 

the simplicity of the design will allow 

this separation technology to be 

integrated into various lab-on-chip assays. 
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NEW NANOFLUIDIC DEVICE TO ACHIEVE A LENGTH DEPENDENT 
MOBILITY OF LONG DNA MOLECULES AND A SEPARATION  

Beomjoon Kim, Kyungduck Park 
 Institute of Industrial Science, The University of Tokyo, Japan 

 
ABSTRACT 
    To achieve the size-dependent behavior of the long DNA molecules, a novel concept, the electrophoresis under 
pressure gradient in nanoslit device, is proposed in this report. We investigate length-dependent mobility of 
chromosome-sized DNAs (YOYO-I stained !-DNA (48.5 kbp) and T4-DNA (166kbp) molecules) in this nanofluidic 
device. A fluidic device of nanoslit style is simply fabricated on silicon wafer with microfabrication technique. Then, 
the electrode for electrophoresis was patterned on the fluid access holes and the PEEK® tubes for hydrodynamic 
pressure was installed and connected with a high performance liquid chromatography (HPLC) pump. The electric 
potential and the hydrodynamic pressure were applied simultaneously, but with opposite direction. As a result, the 
different two kinds of DNA show the length-dependent behavior. 
 
KEYWORDS 
DNA separation, electrophoresis, pressure gradient  

 
INTRODUCTION 

In the last decades, separation fundamentals of DNA molecules have been investigated extensively in the gel 
electrophoresis way. The uniformly charged polymer such as DNA molecule moves with length-independent 
mobility in the electric field because the friction force is proportional to DNA contour length as well as the 
electrostatic force [1]. This size-independent migration prevents separation in free buffer solution, and thus the 
sieving matrix such as agarose gels should be used. However, the DNAs above a critical length (typically ~20,000 
basepairs) show the length-independent electrophoretical mobility even in sieving matrix, because the long DNA 
molecule becomes highly oriented along the direction of electric field in the gels [2]. As a result, the pulsed field gel 
electrophoresis is generally used for the long DNA separation, which is typically one-day process [3]. Considering 
the importance of rapid mapping and fingerprinting in large-scale DNA sequencing projects, it is highly required to 
develop a new technique to separate long double-stranded DNA molecules. Therefore, many enhanced 
nanotechniques have been developed for investigations of dynamics of biomolecules in nanofluidic environments, 
such as nanoslits [4-5], entropic traps [6], pillars [7], and pressure driven in nanofluidics [8]. But, the separation was 
possible still under a strong electric field and the suggested nanodevices are very challenging to fabricate. Therefore, 
for practical applications, such as chromosome sizing, a novel mechanism of separating much longer DNA is 
demanded.  

In this report, we present a simple, low-cost and high-throughput fabrication method for the nanoscale channel 
and slit devices and show the length-dependent mobility of long DNA molecules. 

 
NANOCHANNEL DEVICE 

The shadow evaporation technique is used to achieve the relevant dimensions for single-molecule DNA. 
Moreover, novel structures with alternating shapes of micro-scale chambers linked to nano-scale trenches on a 
(100)-type silicon substrate were fabricated using anisotropic wet etching with KOH depending on the 
crystallographic surface. After device fabrication, DNA electrophoresis is carried out with a !-DNA and T4-DNA 
mixture. We found that the shorter !-DNA migrated with a larger velocity due to the conformation change from the 
constriction of the device. By using the concepts of “DNA deformation induced by the device structures” and “DNA 
electrophoresis under pressure gradient”, the long DNA shows the length-dependent mobility. The fabrication 
process is easier and the condition of device running is more moderate than several established methods, such as 
nanopillar or slit-well devices.  

 
Fig.1  (a) A fluidic device with chambers connected by nanochannels. (b) A cartoon of a DNA molecules 

migrating in the device. (c) Fluorescent sequential images in which a DNA molecule is escaping the micro-chamber 
and stretched in the nanochannel. (d) Typical fluorescent frame images of the intermittent movement of T4 DNA in 

the nanochannels (10 µm scale bar in (c) and (d)). 
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As shown in Fig.1, we proposed a new fabrication method for nano channels with zig-zag shape using thermal 
shadow evaporation and wet anisotropic KOH etching. A single DNA molecule could be driven in the nanofluidic 
device by electrophoresis, in which the linear stretching and electrophoretic migration of a DNA polymer could be 
observed at a single molecule level. Based on the phenomena of repetitive DNA deformation and recoil in the 
fabricated fluidic device, the shorter !-DNA moved faster than the longer T4-DNA. (Fig.2)  
 

 
Fig.2  The length-dependent mobility of long DNAs in zig-zag shape nanochannel. (a) T4-DNA, (b) !-DNA. The 

electric field is ~1 V/cm 
 
NANOCHANNEL / SLIT DEVICE WITH HYDRODYNAMIC DRIFT 

On the other hands, when the pressure gradient is applied with opposite direction to electrophoretic direction of 
DNAs, the long DNA shows the length-dependent mobility. In our experimental set-up, the drift of DNA molecules 
happens often, particularly at the beginning step of experiment. The device should be wet before electrophoresis, and 
thus the buffer solution is introduced prior to DNA injection. Although DNAs are typically injected after a few 
minutes from the device wetting, the natural drift is likely to happen due to the temporary height-level-difference 
between the fluidic reservoirs. Therefore, the drift of DNA solution tells us the existence of pressure gradient. Under 
the fluid drift caused by the imbalance of fluidic reservoirs, the length-dependent mobility is also observed. Fig.3 
shows the length-dependent electrophoretic mobility under the hydrodynamic drift. As observed in Fig.4, the longer 
T4-DNA moves faster than the shorter !-DNA, which the resolution can be enhanced much better than the entropic 
trapping dynamics shown in Fig.2.  
 

 
Fig. 3  The drift of DNA molecule in the nanochannel. The DNA goes back upwards as soon as the electric 
switch is off due to the hydrodynamic force caused by the fluid level difference between the reservoirs. 

 

 
Fig. 4  (a) The sequential movie frames show the length dependent electrophoretic mobility under the fluid drift. 

The long T4-DNA moves faster than the small !-DNA. The time gap between frames is ~ 90 ms, and the width of 
each frame is ~ 27 µm. The relative velocity between two DNAs is ~ 3.5. (b) The relationship between the velocity 

and the intensities. 
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Based on this observation, we can manipulate the specific DNA in nanoslit device with the simultaneous effect of 
electric and non-electric forces. Takamura et al. [10] previously reported a similar case of size dependent mobility of 
DNA in electric and hydro drag force field at the conference of "TAS. They measured the migration velocities of 
DNA in taper-shape channels, where both the hydro pressure and the electric force were applied at the same time in 
mutually reverse directions. They found the large T4 DNA moves faster than the small !-DNA. As shown in Fig.5, 
the electric potential and the hydrodynamic pressure were applied simultaneously, but with opposite direction in a 
nanoslit device, finally we can separate successfully different lengths of long DNAs. 

 

 
Fig. 5  DNA electrophoresis under pressure gradient in 200-nm high nanoslit.  

The bigger DNAs (T4 DNA ; the white circles) move along the direction of the electric field (move fast), while the 
smaller DNAs (!-DNA ; the red rectangles) move oppositely, along the direction of the pressure gradient .  

The scale bar is 20 µm and the time gap is ~ 90 ms. The electric field is 80 V/cm, and the pressure is 0.1Mpa. 
 

CONCLUSION 
This work represents new work in fabrication of a novel nanofluidic device for achieving a length-dependent 

mobility of long DNA molecules. Fluidic devices with alternating structures, wide chambers, and narrow trenches 
were fabricated using the shadow evaporation and anisotropic etching of a silicon substrate with KOH aqueous 
solution. The novel shape of the resulting nano-channels with micro-chambers resulted in a length-dependent 
electrophoretical mobility between long !- and T4-DNA. This device represents a new experimental concept for 
separating single DNA molecules with a length-dependent dynamic mobility.  

In order to investigate the length-dependent electrophoretical movement of DNA molecules, we fabricated a 
nano-fluidic device that led to DNA conformational change. In order to reach the relevant dimension for DNA size 
with typical lab-scale equipment, including conventional UV-lithography, shadow evaporation over a 500 nm high 
photoresist structure was performed, which resulted in 50–100 nm wide gap with rough edges. Using a zigzag 
pattern of lines oriented 90° to each other, a device with alternating structures of chambers and channels was 
fabricated by anisotropic etching in KOH solution. By adjusting some variables, the dimension of the device could 
be controlled. In the corner of the zigzag pattern, chambers with micron size were formed and lines were turned into 
narrow channels with a nanometer size. Based on the phenomena of repetitive DNA deformation and recoil in the 
fabricated fluidic device, the length-dependent electrophoretical mobility was investigated. We found that shorter 
!-DNA moved faster than longer T4 DNA by ~ 5 µm/sec under an electric field of 5 V/cm. This length-dependence 
was quite different than the results for nano slit-well devices, where longer DNA moved faster than shorter DNA. 
Our result cannot be explained by the contact area concept used in the interpretation of slit-well devices. Otherwise, 
when the pressure gradient is applied with opposite direction to electrophoretic direction of DNAs, the longer DNA 
moved faster than the shorter one.  

These nano fluidic devices may become an important tool for further biophysical and biochemical investigations 
of long DNA molecules as well as interactions with proteins. In particular, we hope to study the further effect of 
different ionic strength, temperature, other sieving effects [9] from polyvinlypyrrolidone (PVP) to prevent 
electro-osmotic flow, intrinsic curvature and flexibility, leading to the phenomena of DNA condensation with 
various smaller nano-confining devices. 
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Figure 2. a) EFFF system fabrication b) EFFF electrical circuit model 

 

RESULTS & DISCUSSION 

Figure 3a shows the separation results for the 125µm channel. As can be seen from the figure, for the 80% duty 

cycle condition, we achieved a baseline separation. This is the first baseline separation demonstrated in the Cyclical 

EFFF literature for sub 100nm nanoparticles. As shown, as the duty cycle of the waveform increased much better 

separations were achieved. Since earlier CyEFFF related work used 50% duty cycle waveforms, none were capable 

of fractionating nanoparticles smaller than the size of 100 nanometers. 

Figure 3b, shows the UV fractograms for individual injections of 15 and 40 nm gold nanoparticles, and a mixture.  

As can be seen in the figure, the first peak in the bottom fractogram corresponds to the 15nm gold nanoparticles and 

the second peak in the fractogram corresponds to the 40nm gold. 

For each experiment, resolutions of the separations were calculated according to the below equation: 

 

R: resolution; t1 & t2: peak center times; pw1 & pw2: peak width durations 

 

Highest resolution results were obtained for h=125µm as shown in Table 1. For the 25um channel, no separation 

was observed. The reason for that was the electrical shortening of the top and bottom electrodes at the 25µm 

separation distance. In general, the best separation results were obtained for the 125µm channel, 75 and 200µm 

channels were less effective. 

Electric circuit parameters found for each EFFF channel were tabulated in Table 4. As expected, 75µm channel 

has the highest capacitance. Rbulk corresponding to the 125µm channel was found to be smallest among the others 

 

CONCLUSION 

By this study, it has been shown that the selection of the proper channel height has a crucial importance to 

achieve separations of the nanoparticles. In addition, baseline separation of the sub 50nm particles was achieved for 

the first time with the Cyclical EFFF method. This separation became possible by selecting the optimum channel 

height and by applying the optimum voltage waveforms with high duty cycles. In general, by the help of the methods 

explained in this study, Cyclical Electrical Field Flow Fractionation now carries a great potential in the fractionation 

of nanoparticles with sizes even smaller than 50nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  a) UV fractograms for the separation of 15 and 40 nm gold particles (channel height= 125 um) f=20Hz, 

flow=4.9mm/s, E-field=80kV/m b) Fractograms corresponding to the injections of only 15 and 40 nm gold 

nanoparticles and their mixture. Experimental conditions were same as part a, and duty cycle is 80%. 
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Table 1. Separation resolution results for channel height of 125µm. 

Electrical 

field(kVpp/m) 
80 80 80 80 

Duty cycle 65% 70% 75% 80% 
h=125µm 

Resolution 0.26 0.40 0.69 0.84 

 

Table 2. Separation resolution results for channel height of 200µm. (For the 200µm channel, bubble formation 

observed at 80kVpp/m E-field and we lowered the E-field magnitude to get rid of the bubbles.  

Electrical 

field(kVpp/m) 
80 80 50 50 

Duty cycle 75% 80% 75% 80% 
h=200µm 

Resolution Bubble Bubble 0.61 Bubble 

 

Table 3. Separation resolution results for channel height of 75µm. 

Electrical 

field(kVpp/m) 
80 80 133 133 

Duty cycle 80% 90% 75% 80% 
h=75µm 

Resolution 0.31 0.49 0.25 bubble 

 

Table 4. EFFF electrical circuit parameters 

Channel Height 
Rdl 

(double layer resistance) 

Cdl 

(double layer capacitance) 

Rbulk 

(bulk resistance) 

h=75µm 184 Ohm 5 mF 41 Ohm 

h=125µm 206 Ohm 1.8 mF 23 Ohm 

h=200µm 1033 Ohm 0.5 mF 51 Ohm 
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MICROVALVE ARRAYS  

Z. Hugh Fan1,2,3, Ke Liu1, Imran Shaik1  
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ABSTRACT 
    Two-dimensional (2D) protein separation was demonstrated in a plastic microfluidic device by integrating 
isoelectric focusing (IEF) in 1 channel and polyacrylamide gel electrophoresis (PAGE) in 29 parallel channels that 
are orthogonal to the IEF channel.  An array of microfluidic valves was developed for introducing different 
separation media into two dimensions and for transferring proteins from the first to the second dimension.  Two 
types of microvalve arrays have been evaluated.  One is gel-based pseudo-valve array that is passive whereas the 
other is true microvalves that are thermally or pneumatically actuated.  Both valves have been realized in the device 
with the total separation time less than 30 minutes, which is favorable when compared to 1-2 days for conventional 
2D slab gel electrophoresis.      
 
KEYWORDS 
Two-dimensional separation, microvalves, electrophoresis, proteins.  

 
INTRODUCTION 

Among the approaches being developed for proteomics, two-dimensional gel electrophoresis (2DGE) is an 
essential tool [1]. 2DGE consists of isoelectric focusing (IEF) as the first dimension and polyacrylamide gel 
electrophoresis (PAGE) as the second dimension. One major advantage of 2DGE is its enormous separation 
resolution, whereas its key limitations include poor reproducibility and time-consuming procedure. This work is 
carried out to address the limitations. 

Our device can be distinguished from those using two orthogonal separation channels, in which capillary 
electrophoresis (CE) is coupled with either micellar electrokinetic chromatography [2, 3] or IEF [4].  The key 
difference is the use of multiple channels, rather than a single channel, for the second dimension to match the 
separation capacity of the slab in 2DGE.  Our method is also different from the existing work on miniaturized 
2DGE [5, 6].   The key advances are twofold: (1) an array of microfluidic valves allows the seamless introduction 
of two different separation media; and (2) a fluidic network with densely-packed channels enables the transfer of 
proteins from the first to the second dimension.   

 
EXPERIMENTAL 

Cyclic olefin copolymer was used to fabricate 2D separation devices using compression molding. Figure 1 
shows the device design.  

 

1st: IEF

pI band 

2nd: PAGE

proteins

flow
direction

Device

A B
C

D
 

 
Figure 1. Design of a microfluidic device for 2DGE.  (left) The device consists of one horizontal channel 
(AB) for IEF and vertical channels (CD) for PAGE. The size of the device is 1” x 3”, about the size of a 
microscope slide.  Cyclic olefin copolymer was exploited to fabricate devices using compression molding. 
All channels are 110 !m wide and 40 !m deep.  The distance between channels (center-to-center) is 360 
!m. (middle) An exploded view of a part of the device. (right)  The interface between IEF and PAGE 
illustrates proteins in each pI band being transferred from the first to the second dimension and then 
separated.  The arrows indicate the direction of protein migration.   
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Acrylamide/bisacrylamide (19:1), 1-hydroxycyclohexylphenylketone (HCPK), proteins were purchased from 

Sigma-Aldrich (St. Louis, MO) while carrier ampholytes were from Bio-Rad Laboratories (Hercules, CA). 
Alexa-488 conjugated proteins were purchased from Invitrogen (Grand Island, NY).  The detection was carried out 
using a laser-induced fluorescence, whole-channel imaging system or a fluorescence microscope.[7] 

 
RESULTS AND DISCUSSION 

We have developed two types of microvalve arrays.  The first one is gel-based pseudo-valve array as shown in 
Figure 2, and the concept has been reported previously.[8]  The valve array was created by in situ gel 
polymerization.  To make gel valves at a precise location, acrylamide monomer solution containing HCPK was first 
filled in all channels. HCPK is a photosensitive agent to initiate gel polymerization, replacing chemical initiators.  
After the AB channel of the device in Figure 1 was covered by a mask, photopolymerization was conducted by 
exposure to UV light.  The solution in the exposed region (CD channels) polymerized to form gel, whereas the 
solution in the AB channel was blocked by the mask and did not polymerize.  The non-polymerized solution was 
then replaced with the IEF medium.  The gels in CD channels functioned as “closed” valves when an IEF 
separation medium was introduced into channel AB, without flowing into CD channels.  After IEF, they functioned 
as “open” valves when an electric field was applied to the CD channels, allowing the focused proteins to be 
electrokinetically transferred form the first to the second dimension.  This transfer took place because proteins can 
be electrokinetically injected through gels. 

 

in situ polymerized gels 

IEF medium  
360 mm  

C 

A B 

D     
 
An alternative valve array is comprised of true microvalves; the operation principle of a single valve is shown in 

Figure 3a.  The valve is made of four plastic layers as reported previously.[9]  The top layer contains microfluidic 
channels; the second layer is an elastomer. The third layer is a valve layer that houses a thermal-sensitive liquid. 
The bottom heater layer contains micro-patterned resistors created on a cover film. When a temperature-sensitive 
fluid is heated, its volumetric expansion deflects the elastomeric film into the microchannel, closing the valve.  In 
addition to thermal actuation, the valves might be actuated pneumatically as demonstrated by Quake’s research 
group.[10]  

The locations of the thermally or pneumatically actuated microvalves are indicated by the rectangular blocks on 
the both sides of the IEF channel in Figure 3b.   The operation of such a microvalve has been demonstrated by the 
observation of synchronization between heat supply and valve actuation in the device.  
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In the presence of gel-based microvalves, 2D separation of proteins was implemented in the device as shown in 
Figure 4.  The pH gradient was established using carrier ampholytes with a pH gradient of 3-10. It should be noted 

Figure 3. (a) Schematic 
of a thermally actuated 
microvalve. On the left is 
when the valve is open 
and the heater is off.  
On the right is when 
valve is closed and the 
heater is turned on. The 
drawing is not to scale. 
(b) Picture of the 
interface of 2DGE device 
(filled with a fluorescent 
solution), in which two 
valve arrays are 
indicated by two 
rectangular blocks. 
 

Figure 2. Micrograph of the 
pseudo-valve array formed by 
in situ gel polymerization. Gel 
was formed in the CD channels 
whereas the IEF medium was 
in the AB channel.  
Polymerized gels were dyed for 
easy visualization. 
 

1757



that the IEF analysis time was typically in minutes, much shorter than hours needed in the traditional slab gel format. 
Seven fluorescently-labeled proteins were used in this experiments. All proteins were separated by their difference in 
either pI value or size except for trypsin inhibitor and S-100b (since they have essentially same pI and molecular 
weight). The double peaks for some proteins are likely due to heterogeneity in labeling and/or and splitting of 
protein bands into neighboring PAGE channels during the transfer stage.  The result demonstrates the feasibility of 
2D separation in a device enabled by microvalve arrays. The total analysis time for IEF and PAGE is <30 minutes.  
Compared to typical analysis time of 1–2 days for obtaining a map using an IEF strip and slab gel electrophoresis, 
the device shows a significant improvement in analysis time.   

homoglobin 

tra
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inhibitor 
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Figure 4. 2D separation of proteins including S-100b, transferrin, bovine serum albumin (BSA), 
ovalbumin, trypsin inhibitor, hemoglobin and streptavidin.  The channel number in the Y-axis is related to 
pI (isoelectric point) of proteins and the migration time in the X-axis is related to the molecular weights of 
proteins; and the signal in the Z-axis indicated the amount of the protein. The bar indicates the relative 
abundance of the protein, represented by the signal intensity.    

 
CONCLUSION 

We demonstrated the integration of IEF and multi-channel PAGE in a plastic microfluidic device.   The key 
element that enables 2D electrophoresis in the device is an array of microfluidic valves, which was either passively 
controlled as in the gel valves or actively controlled as in the true valves.  The valve arrays allowed the introduction 
of different separation media into two dimensions and the transfer of proteins from the first to the second dimension.   
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CONTINUOUS PARTICLE SEPARATION USING REPULSIVE FORCE OF 
ION CONCENTRATION POLARIZATION  

Hyungkook Jeon, Sung Hee Ko, Kwan Hyoung Kang 
Department of Mechanical Engineering, Pohang University of Science and Technology, Korea 

ABSTRACT 
In many research groups, ion concentration polarization (ICP) phenomenon has been used in many application 

fields, such as sample preconcentration, micro mixer and desalination. Here, we present a new continuous-flow 
separation method based on the ICP. The configuration of this system is similar to that of conventional nanofluidic 
concentration device, so that electrical force takes place near the nanojunction when applying external voltage. 
Using the force, we performed separation of particles depending on their sizes. This research might be very 
meaningful in developing an integrated separation device which can separate various kinds of samples in one chip. 
 
KEYWORDS 
Ion concentration polarization, particle separation 
 
INTRODUCTION

Under applying voltage across a nano-junction or an ion perm-selective membrane, ion concentration 
polarization (ICP) phenomenon occurs around the membrane. ICP literally means an electrochemical transport 
phenomenon that ion concentration becomes polarized across the membrane. In the case of cation selective 
membrane, when voltage is applied, the ion concentration would decrease around the anodic side of the membrane 
and increase around the cathodic side of that. Those two regions are so called ‘ion depletion region’ and ‘ion 
enrichment region’, respectively. The ICP phenomena can be used to many engineering fields, but the main 
application of ICP is sample preconcentration.[1] When DC voltage is applied to the concentrator, repulsive force is 
applied at charged molecules in the anodic side of the nano-junction, such as electrophoresis and dielectrophoresis. 
In this case, molecules are accumulated at specific region due to force balance when additional flow (electroosmotic 
or pressure driven flow) is applied at the concentrator. This accumulation strategy has been used to many biological 
engineering such as immunoassay and enzyme assay.[1] For biochemical analysis, on-chip separation is an essential 
and important step.[2] Until now, various separation methods in microfluidic systems have been developed including 
separation based on microstructures,[3] laminar flow,[4] dielectrophoresis,[5] etc. In this work, we developed a new 
particle separation device based on ICP and demonstrated particle separation depending on the size. The mechanism 
of the separation device is related to repulsive force generated around depletion region, such as electrophoresis and 
dielectrophoresis. 

 
EXPERIMENT 

 
Figure 1. Schematic diagrams of (a) the experimental set-up and (b) particle separation. 

 
Figure 1(a) shows a schematic diagram of the experimental set-up. The separation device was composed of a 

PDMS microchannel and Nafion membrane (ion-perm-selective membrane). The PDMS microchannel was 
fabricated using standard photolithography fabrication process (main channel width: 600 μm, height: 43 μm, channel 
length: 2.4 cm; from inlet 1 to outlet). Using microflow patterning method, we deposited a thin strip of Nafion 
membrane on the glass substrate,[6] and the fabricated PDMS microchannel was bonded with the membrane 
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patterned glass substrate via plasma bonding equipment. To enhance the efficiency of particle separation, the Nafion 
membrane was patterned with a slanted angle of 45°, as shown in Fig. 1(a). Figure 1(b) represents a schematic 
diagram of particle separation. Since the magnitude of the repulsive force is the highest near the membrane edge 
adjacent to the grounded channel, as shown in Fig. 1(b), particles were required to focus on the sidewall adjacent to 
the grounded channel for more accurate separation experiment. To do this, the particles from Inlet 2 were focused on 
the sidewall by using flow focusing method. In this experiment, we used fluorescent particles with diameters of 4.8 
μm and 9.9 μm,. Applied flow rate and voltage were controlled by syringe pumps (Pump 11 Elite, Harvard Corp.) 
and a function generator (33220A, Agilent) connected to amplifier (A800, FLC electronics), respectively. To observe 
movement of fluorescent particles, we used a microscope (Axiovert 200, Carl zeiss) with a RGB filter and a CCD 
camera (Pco Sensicam, Pco. Imaging). 

 
RESULTS AND DISCUSSION 

 
Figure 2. The movement of particles depending on voltage strength. 

 
Prior to separation of particles, we observed movement of particles with applied voltage. The higher voltage we 

applied, the more particles were repelled from the side wall, as shown in Fig. 2. But, particles cannot pass the 
membrane when applied voltage is too high (over 150 V) as shown in Fig. 2(d). Electric field gradient takes place 
around the membrane due to concentration gradient in the depletion region with very low ion concentration. Due to 
existence of the electric field and electric field gradient, both electrophoretic (EP) and dielectrophoretic (DEP) force 
could be applied at particles. Since particles used in this experiment are negatively charged and have lower dielectric 
constant than buffer solution, EP and DEP are applied in the opposite direction of particle movement by the 
hydrodynamic flow. Thus, we conjecture that repulsive force might be EP and DEP, and particle could not pass the 
membrane due to the strong repulsive force compared to hydrodynamic force by pressure driven flow (Fig. 2(d)).  

 

 
Figure 3. Separation of particles with diameters of 4.8 and 9.9 μm: the movement of particles in (a) the main 
channel and (b) the broadened outlet channel. 

 
Figure 3 represents experimental results for particle separation (4.8 μm and 9.9 μm). We observed that 9.9 μm 

particles were repelled more than 4.8 μm particles, and the short separation distance between them was amplified by 
broadened outlet channel (width change: from 600 to 1800 μm). We also tried to separate nano-sized particles 
(particle size: 100 nm and 500 nm) as shown in Fig. 4. In the both cases, large particles were repelled more than 
small particles. The electrophoretic mobility of particles used in this experiment is as follows; 9.9 μm (-4.78 ⅹ 10-8 

m2/V•s), 4.8 μm (-2.95 ⅹ 10-8 m2/V•s), 500 nm (-5.32 ⅹ 10-8 m2/V•s) and 100 nm (-3.07 ⅹ 10-8 m2/V•s). As 
mentioned before, EP and DEP are applied to particles as the repulsive force. In the case of Fig. 3, since both size 
and mobility of the 9.9 μm particle are larger than that of the 4.8 μm particle, 9.9 μm particles were repelled more 
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than 4.8 μm particles by stronger force strength of EP and DEP. In the case of Fig. 4, electrical force applied at 500 
nm particle is also stronger than 100 nm particle. But the size of particle is very small compared to that of Fig. 3, so 
we guess that the force by DEP might be very weak because magnitude of the DEP is proportional to the volume of 
the particle. Thus, in the case of 100 nm and 500 nm particles, we conjecture that the repulsive force is only EP, not 
DEP. 

 

 
Figure 4. Separation of particles with diameters of 100 and 500 nm: particle movements in (a) the main channel and 
(b) the broadened outlet channel. 

 
CONCLUSION 

In this work, we have demonstrated a new continuous-flow separation device based on ICP. We observed larger 
particles were repelled more than smaller ones under same applied voltage. Using this, we performed continuous 
particles separation depending on size of particles. Especially, since our separation device makes possible to separate 
nano-sized particles continuously, we expect that this separation device can be used to biochemical analysis system. 
To examine the mechanism of separation more accurately, it is needed to analyze the characteristics of electrical 
forces induced around the Nafion membrane or depletion region, quantitatively. In the future work, we will perform 
analytical or numerical studies to examine the accurate mechanism of separation and separation experiments for 
various kinds of samples, such as cell, nano-sized particle, protein, DNA, etc. 
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WATER-IN-OIL DROPLET-BASED MICROFLUIDIC SYSTEM  
FOR ENZYMATIC STUDIES, COUPLED TO OFF-CHIP 
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ABSTRACT 
    Droplet-based microfluidic systems coupled to electrospray ionization (ESI) mass spectrometry (MS) has 
a number of advantages for the study of enzyme kinetics: minimal reagent consumption, a well-defined 
reaction time control, and label-free and multiplex detection analysis. However, most studies have been 
dependent on ESI sources integrated on chips, which can be a challenge for practical application. Here, we 
report a simple trick for coupling of a standard ESI source to a droplet-based microfluidic chip that can also 
be made with standard techniques. With the new coupling, we demonstrated a label-free kinetic analysis of an 
enzymatic reaction in 50 nL droplets. 

KEYWORDS 
Droplets, ESI-MS, Reaction Kinetics, Coupler 

INTRODUCTION
    Droplets in microfluidic channels have many advantages for enzyme kinetic studies. For example, 
droplets offer minimal reagent consumption due to a small reaction volume, and well-defined reaction time 
control due to fast mixing and no dispersion [1-2]. Most of the kinetic analyses in droplets have successfully 
employed fluorescence as detection methods [1,3]. However, fluorescent labels incorporated in the reaction 
system can cause challenges like increased material costs, possible effects on the nature of the reaction, and 
limited ability of multiplex detection. ESI-MS is an attractive option because it provides label-free and 
multiplex detection. Coupling of droplet-based microfluidic system to ESI-MS has been reported [4-5], 
where the droplet was separated into an aqueous carrier and flowed into ESI sources integrated with the 
microfluidic chips. Although such a fully integrated system is an ideal solution, it in many cases offers 
practical solutions to couple a partly integrated system via well-established conventional routes to ESI-MS. A 
recent work [6] has shown that droplets in a capillary can be sprayed as they are, with the oil phase in 
between. However, there remained a challenge that the droplets in the chip should be transferred into the 
capillary through a connection between them. Droplets can suffer unfavorable coalescence or split at a 
normal “Chip to Capillary” connection made with a via-hole and a ferrule. In this study, we introduced novel 
droplet-compatible connections in order to avoid coalescence or split of droplets. The connections enable us 
to couple a droplet-based microfluidic system to an off-chip ESI source without separation, with the 
important advantage that the droplet is not diluted into an aqueous carrier. 

EXPERIMENTAL 
    Figure 1 represents the schematic diagrams of the system used for MS analysis of enzyme kinetics. The 
system consists of a microfluidic chip, an ESI source, a quadrupole time of flight (QTOF)-MS system, 
syringe pumps, and additional connecting capillaries. The main functionalities of the system to execute 
enzyme kinetics analysis are (1) preparing droplets of solution for enzyme reaction, (2) controlling time for 
reaction, (3) droplets delivery to ESI-MS via “Chip to Capillary” connection, and (4) ESI-MS analysis of the 
droplets. The microfluidic chip was fabricated by standard microfabrication processes. Channels and 
via-holes for inlets and outlets were formed by deep reactive ion etching in a silicon wafer, which was 
bonded to a glass wafer. 
    In order to realize a coalescence-free delivery of droplets, dead volume at “Chip to Capillary” 
connection should be eliminated. Dead volume can trap droplets and cause coalescence and split. Two types 
of novel connections were designed for coupling of the microfluidic chip to the capillary bound for the ESI 
source (Figure 2). The first one, the connection with a channel on glass, is shown in Figure 2(a). The via-hole 
and the channel on the silicon wafer (channel on silicon) were connected with a channel formed on the glass 
wafer (channel on glass). The width of the channel on glass is the same as the inner diameter of the capillary. 
The capillary was inserted into the via-hole guided by the ‘Nanoport’ ferrule to reach the bottom of the 
via-hole so that the opening of the capillary is placed at the end of the channel on glass. Figure 2(c) shows the 
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other design, the connection with a PDMS ferrule. A ferrule with a channel on the surface of it was made with 
PDMS and placed in the via-hole together with the capillary. The ferrule seals the space between the capillary 
and the via-hole, while the fluid path from the chip to the capillary is kept open due to the channel on the 
ferrule. 
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Figure 1. Overview of the microfluidic channel (a) and the whole system (b). Four main functionalities of the system are 
indicated (1)-(4). 
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Figure 2. “Chip to Capillary” connection to avoid coalescence of droplets. The design schematics of the cross-section 
and the bottom view of (a) the connection with a channel on glass, and (c) the connection with a dedicated ferrule 
fabricated of polydimethylsiloxane (PDMS). (b and d) Time-lapse microphotographs of the fluorescein droplet flowing 
out of the chip into the capillary via two types of connections. 
 
    To evaluate the system, the kinetic profile of peptide digestion by trypsin was analyzed with the system. 
We employed two peptides, ACTH18-39 as substrate and leucine enkephalin as internal standard (LeuEnk) 
for MS analysis. Solutions of enzyme, substrate and buffer were mixed and compartmentalized into 50 nL 
droplets within the channel. Concentrations of the components are tuned by the flow rate ratio of the 
solutions, while reaction time is defined by the total flow rates. The concentrations of the substrate, the 
product and the internal standard were simultaneously measured with ESI-MS. 
 
RESULTS AND DISCUSSION 
    Two types of “Chip to Capillary” connections were tested. Figure 2 (b) and (d) show fluorescein droplets 
at either of connections flowing out of the chip into the out-going capillary without coalescence. Because the 
connection with a channel on glass was more robust and easier to setup, we used this one to build the system. 
    To evaluate the performance of the present system for ESI-MS analysis of droplets, we analyzed two 
peptides, ACTH18-39 and LeuEnk, which can work as a substrate and an internal standard for the following 
trypsin analysis, respectively. Figure 3 represents peptide traces pulse-like showing pulse-like pattern as was 
previously reported [6]. Each pulse corresponds with a droplet. Although both signals showed rather large 
errors, a clear correlation between them is seen (R=0.969). This suggests the possibility of effective 
correction by the internal standard. The relative intensity was derived by dividing the ACTH18-39 trace by 
that of LeuEnk. The relative intensity was averaged across scans within each pulse to give a single value for 
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each droplet. The coefficients of variance (CV, standard deviation normalized by average value) of the 
averaged relative intensity was as low as 4.7%, which proves the system has performance of an acceptable 
level. 
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Figure 3. Traces of ion currents corresponding to the substrate (circle, ACTH18-39) and the internal control (triangle, 
Leucine Enkephalin). Both show pulse-like signals. The gaps between pulses correspond oil phase flowing between 
droplets. The vertical axis is intensity in counts per second (cps). Droplets of about 50 nL were analyzed with MS at scan 
cycle of 0.32 s.  

 

    A time profile of tryptic digestion of the peptide was obtained with the present system, which is required 
for the analysis of enzyme kinetics. To obtain a time profile of reaction product, the reaction time was varied 
from 2.6 to 8.6 min by changing the total flow rate, keeping the ratio between the flow rates constant. The 
concentration of the reaction product at each time point are plotted in Figure 4. As a result, the initial rate of 
the reaction was successfully obtained. 
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Figure 4. Time profile of enzyme reaction obtained with the present system. The trace of the product was plotted. The 
solid line is a linear regression derived from earlier four points.  
 
CONCLUSION 
    We have developed a droplet-based microfluidic system for reaction kinetic analysis. It is shown that the 
system can control reaction time and concentrations of materials in 50 nL droplets as well as detecting 
reaction products in label-free manner. The profile of the reaction product showed a linear increase with time, 
which is a typical characteristic of an enzymatic reaction in an early stage. We believe that the present results 
demonstrate the feasibility of droplet-based microfluidics coupled with ESI-MS for a variety of chemical 
analyses and assays. Fluidic connections suitable for droplet delivery with capillaries were also developed, 
which minimized droplet coalescence by reduction of dead volume in the interconnection. This expands 
possibilities for further application of droplet-based microfluidics. 
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PREPARATION OF FREEZE-DRIED POROUS MEDIA IN A 
MICROCHANNEL: A New Platform for Enzymatic Reactions 

  
Kyuya Nakagawa, Akihiro Tamura, Yuki Goto, Masahiro Takeo and Yuichi Utsumi 

University of Hyogo, Japan 
 
ABSTRACT 
Lipase from candida rugosa was immobilized in a freeze-dried polyvinyl alcohol (PVA) matrix for investigating the 
enzymatic reactivity. This matrix was prepared in a microreactor to achieve continuous enzymatic reactions. The 
performances of the lipase immobilized microreactors were compared in terms of the micro channel type and the 
reaction conditions. The freeze-dried matrix made in the microchannel possessed porous microstructure with 2–20 
!m of well-aligned pores. These pore structures were obtained as a replica of the ice crystals formed during the 
freezing stage. Experiments suggested that the enzymatic reaction with the immobilized lipase was a diffusion 
controlled system. It was found that the present microreactors exhibited approximately 10 times higher reaction 
performance than the large scaled plug flow reactor with the freeze-dried specimens. The freeze-dried microstructure 
fabricated in a microspace had a significant effect of improving enzymatic reactions. A solution flow in the 
microchannel is under an influence of both the porous microstructure and the channel structure. When the channel 
size was smaller than 1000 !m, the flow regime would mainly be controlled by the freeze-dried microstructure.  
 
KEYWORDS 
Enzyme, reaction, microchannel, freeze-drying, microstructure, porous structure.  
 
INTRODUCTION 
Biological reactions catalyzed by enzymes are widely recognized as a useful tool for tailoring chemical products. 
Micro process engineering is an emerging field for chemical engineers for the last decades, expecting specific effects 
on reaction in a microspace, such as improvement of reaction yield, enhancement of the reaction selectivity etc. 
Enzymes are catalytic proteins that accelerate chemical reactions. Enzymes are usually selective for their substrates 
and catalyze limited numbers of reactions from among large numbers of reactions. It is a useful feature if it can be 
introduced in a !TAS. A challenge is to immobilize a biological catalyst in a microchannel. Our research group has 
been developed a new technique for the enzyme immobilization [1]. Our approach is to produce a polymeric porous 
media directly in a microchannel by applying a freeze-drying technique [2], and the porous matrix supports enzymes. 
As shown in Figure 1, freeze-drying a colloidal suspension produces porous material, where the pore structures are 
replicas of the ice crystals formed during freezing [3-5]. First, a colloidal polymeric suspension with enzyme are 
introduced in a micro channel. The micro device with the solution is then frozen and subsequently dried under 
vacuum condition. This process produces freeze-dried matrix in the channel. The formation of the porous 
freeze-dried matrix could be confirmed as the example shown in Figure 2. A chitosan solution was set in 
microchannels (channel diameter 40 !m) fabricated by UV lithography on a 500 !m thickness of PMMA film, and 
then freeze-dried. Porous network structures made by chitosan were fairly well formed in the channels. Enzymes can 
be stabilized in these network bones made from polymers.  
In this study, lipase from candida rugosa was immobilized in a freeze-dried polyvinyl alcohol (PVA) matrix for 
investigating the enzymatic reactivity. This matrix was prepared in a microreactor to achieve continuous enzymatic 
reactions. The performances of the lipase immobilized microreactors were compared in terms of the micro channel 
type and the reaction conditions. 

  
Figure 1: Freeze-dried porous media made from polymeric colloidal suspensions and the internal microstructure. 

 

 
Figure 2: Freeze-dried porous media prepared in a microchannel (PMMA). 
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EXPERIMENT 
A 5 wt% polyvinyl alcohol (PVA) suspension was prepared by dissolving PVA powder into distilled water. Large 
sized freeze-dried specimens for analyzing the bulk reactivity were prepared by using a freezing system equipped 
with a plate heat exchanger. In the setup, temperature of the heat exchanger was controlled by internally circulated 
coolant. A sample holder with a cylindrical hole (made from PTFE, diameter D=10 mm, Height H=10 mm) was set 
on the cooling plate, and the sample solution was set in the space. 30 µL of lipase solution (1, 2, 5, 10 mg/ml) was 
carefully mixed with this suspension. The sample solution in the sample holder was cooled at selected cooling rate 
(-1.0 °C/min) and completely frozen at -40°C. The obtained frozen samples were subsequently freeze-dried for 48 
hours in a vacuum chamber. Enzymatic activity of the immobilized lipase in the freeze-dried specimen was tested by 
hydrolysis reaction of p-nitrophenylacetate in a batch system. A freeze-dried specimen was put in a test tube with a 2 
mL of the substrate solution (12 mg/mL of p-nitrophenylacetate). A 30 !L of solution was continuously sampled to 
detect nitro phenol production using an ultraviolet-visible (UV-Vis) spectrophotometer (Nanodrop 2000C, Thermo 
Fisher Scientific Inc., USA). A 30 !L of crude lipase solution was added to the substrate solution for taking a control 
data.  
Microreactors were fabricated on PDMS by SU-8 mold prepared by UV-LIGA. Three different reactors were used in 
this study. The differences were in the total volume and width of the channel as the detail appeared in the following 
section. The microreactor was set in the housing plates tightly fixed with screw threads. A PVA suspension 
containing 10 mg/mL of lipase was slowly introduced in the reactor with a syringe. After the microchannel was fully 
filled with the solution, the reactor set was placed on the freeze-drying system to freeze and dry following the 
protocol addressed above. The performance of the reactor was evaluated by the reaction yield of the 
p-nitrophenylacetate under a plug flow condition. A 12 mg/mL of p-nitrophenylacetate solution was supplied with a 
syringe pump to the reactor with flow rates of 10, 15, 25 and 40 µL/min. The nitro phenol concentration in the 
external solution was analyzed to evaluate the reaction yield. The obtained yield values were plotted as a function of 
the space time, ! [s] (the reactor volume divided by the flow rate of the substrate solution) for the comparison of the 
reactor performance. A packed column reactor was separately prepared with the freeze-dried specimens, where two 
piece of the specimens were packed in a vinyl tube (inner diameter 8 mm, inner volume 769 !L). The substrate 
solution was similarly supplied to this reactor, and the reaction yields were compared with those obtained from the 
microreactors. 
 
RESULTS 
A batch test of the enzymatic reaction was conducted with the freeze-dried specimen. As seen in the results depicted 
in Figure 3, the hydrolysis reaction catalyzed by the immobilized lipase was the Michaelis-Menten type as the 
reaction rate increased as increasing the amount of the enzyme. The reaction rate observed in the immobilized 
system was however lower than that for the crude system. Freeze-drying gives porous microstructure in the resultant 
dried matrix. So a substrate must diffuse on to the pore surface with immobilized enzymes for yielding the product, 
and the product must come out from the pores. The results suggested that the present system was clearly a diffusion 
controlled system. 
Lipase immobilized microreactor was prepared by the freeze-drying method to investigate the performance of the 
reactor (Figure 4). The freeze-dried matrix made in the microchannel possessed, as seen in the SEM images, porous 
microstructure with 2–20 !m of well-aligned pores. As noted above, these pore structures were the replica of the ice 
crystals formed during the freezing stage. Anyway, this structured material was perfectly packed in the microchannel. 
A worry was the pressure drop caused by this packing material when loading a substrate solution. When the channel 
size was around 200 !m in diameter and 5 cm in length, the microreactor made by PDMS was deformed by the 
pressure given by the loading solution at 40 µL/min. This caused a serious leakage and performance loss. We thus 
selected microreactors that are available to apply the present immobilization technique. After the freeze-dried foam 
meet a substrate solution, the polymeric matrices were rehydrated and swelled. The spongy freeze-dried matrix 
turned into hydrogel. Due to the swelling, the pore size in the gel matrix was not identical to that in the dried matrix. 
The size, however, was not evaluated yet.  

 
Figure 3: Batch hydrolysis test of immobilized lipase (at 25°C). 
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Figure 4: Freeze-dried microstructure prepared in a microreactor.  

 
The performances of the prepared reactors were compared in Figure 5. It is noteworthy that all the microreactors 
exhibited higher performance than the packed column reactor. At the space time of 45 sec, the microreactor A and B 
showed approximately 10 times higher reaction performance than the packed column reactor. The results support 
that the present immobilization method can be effectively applied in a micro system. The volume of the reactor B 
and C were equal to 7.5 !L. They were different in the channel width (the path length). The channel width for the 
reactor B (500 !m) was greatly smaller than that for the reactor C. The reaction performance for these two reactors 
were equivalent in the space time range between 10 to 30 s. However, the performance for the reactor C was inferior 
to that for the reactor B at the higher space time range. It means that the efficacy of the enzymes in the reactor C 
could not be brought out at slower flow rate. The volume of the reactor A was double than that for the reactor B. The 
performances of these reactors were almost equivalent. A scale-down from the reactor A to B (channel width 1000 
!m to 500 !m) did not significantly improve the reaction. The present method is to produce a secondary 
microstructure in a microspace. A solution flow in the microchannel is under an influence of both the porous 
microstructure and the channel structure. When the channel size was smaller than 1000 !m, the flow regime would 
mainly be controlled by the secondary microstructure. In any cases, the freeze-dried microstructure fabricated in a 
microspace had a significant effect of improving enzymatic reactions. In the related studies of our research group, 
other enzymes, such as amylase, protease etc., were also applied to confirm considerable enzymatic activities. This 
approach would be useful not only for chemical material processing but also for analytical system based on 
biological activity, for example, for antigen-antibody reaction. 

    
Figure 5: Reaction rate as a function of space time (reactor volume/flow rate). 
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RAPID BACTERIOPHAGE DETECTION VIA HOST CELL 
AMPLICATION IN A DROPLET-BASED OPTOFLUIDIC SYSTEM  

J. Q. Yu, W. Huang, L. K. Chin and A. Q. Liu 
School of Electrical & Electronic Engineering, Nanyang Technological University, Singapore 639798 

 
ABSTRACT 
  This paper presents a real-time and label-free bacteriophage detection technique with high sensitivity and low cost 
by using a droplet-based optofluidic system. The bacteriophages and host cells (E. coli) mixture are encapsulated in 
microdroplets during their formation in mineral oil. The scattering patterns of the bacteriophages and the host cells 
containing droplets are captured by an optical sensor and analyzed by a signal processing system. The scattering 
patterns of microdroplets with different host cell concentrations are measured. The optofluidic system is developed 
to effectively detect and quantify bacteriophages in real-time with a detection resolution of 103. A higher resolution 
can be realized by using a data processing system to analyze the scattering pattern, which will be done in our future 
work. 
 
KEYWORDS 

Optofluidics, bacteriophage, scattering pattern 
 

INTRODUCTION 

Rapid detection and identification of viral contamination in drinking water sources are critical for maintaining 
water safety standards. Waterborne viruses, which are significantly small in size (hundreds of nanometers), are 
difficult to detect and treat [1-2]. Conventional methods commonly include pre-concentration process and culturing 
steps or molecular biological assay, which require at least 24 h before the detection results are available [3-4]. These 
detection techniques are not in real-time, which are not effective to avoid an outbreak due to viral contamination in 
drinking water. In this paper, we design a droplet-based optofluidic system for real-time and label-free bacteriophage 
detection with high sensitivity and low cost.    

Figure 1 shows the design of the droplet-based optofluidic system for bacteriophage detection. The sample 
containing bacteriophages (M13KE phage), which is mixed with host cells (E. coli strain K12). This mixture 
solution is divided into droplets by using the microfluidic droplet generating T-junction structure. Then, the droplets 
are accumulated in a microchamber and incubated for bacteriophage amplification. The enrichment of 
bacteriophages affects the concentration of the host cells in the droplets, which is monitored by detecting the 
diffraction and scattering patterns of the individual droplets. The diffraction and scattering patterns are depending on 
the concentration of the host cells in the droplets.  

 

Host cells 
Laser source 

Scattering pattern 

Bacteriophage 
amplification 

Bacteriophages 

Mineral oil Mixing 

Figure 1: Schematics of the droplet-based optofluidic system for bacteriophage detection. Bacteriophages are mixed 
with the host cells (E. coli) and encapsulated in isolated droplets. Once the bacteriophages are amplified, the droplet 
scattering pattern is captured and analyzed. 
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Figure 2: Droplet-based optofluidic system setup for bacteriophage detection. 
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EXPERIMENTAL SETUP 

The experimental setup of the droplet-based optofluidic system is shown in Fig. 2. A precision pump is used to 

control the flow rate of the two immiscible phases. The bacteriophages and host cells mixture are encapsulated 

during the microdroplets formation in mineral oil. The size of the droplets can be controlled by varying the flow 

rates of the two immiscible phases. The initial concentration of the bacteriophage and host cells are 10
3
 pfu/ml and 

10
9
 /ml, respectively. Bacteriophage cannot be observed directly by the optical microscope because of its small size. 

To quantify the concentration of bacteriophages and host cells in the droplet, the scattering pattern of the droplet is 

captured and characterized. The optical detection system consists of a laser source and optical components for beam 

focusing. The scattering pattern of the bacteriophages and the host cells containing droplets is captured by the optical 

sensor and analyzed by the signal processing system.  

 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
  Figure 3 shows the transmitted optical density 

and effective refractive index change of E-coli 

culture medium in 48 h. The optical density can 

be correlated with the E-coli concentration, 

which is the general measurement method. The 

concentration value is consistent with the 

standard growth curve of E-coli. Although the 

concentration of E-coli has significantly changed, 

the effective refractive index does not change 

significantly (from 1.3325 to 1.3355) due to the 

bacterial and culture medium has similar 

refractive index (1.3841 and 1.3325 for 600 nm) 

[5]. The detection resolution could only be 10
5
. 

Therefore, it is more accurate to measure the 

distribution of cells among culture medium by 

using the scattering pattern. 

  Figure 4 shows the relationship between the 

bacteriophage amplification and the change of 

the host cell concentration. The concentration of 

the host cell is calculated by counting the number 

of host cells in each individual droplet or 

measured by using cell counting chamber analysis. The results show that the host cell concentration decreases from 

10
9 

/ml to 10
3 

/ml after 12 h incubation when the bacteriophages have been amplified under several amplification 

cycles.   

Figure 5 shows the scattering pattern analysis of a single microdroplet. During incubation, the population of the 

bacteriophages increases and the number of host cells decreases in the mixture. The variation of concentration of the 

host cells in the droplet changes the distribution density and the refractive index of the droplet. As a result, the 

droplets containing different amounts of host cells have different scattering patterns as shown in Fig. 5(b) and (c). 

Fig. 5(b) and (c), which show the fluorescent intensity distribution of the scattering pattern of the microdroplet with  
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Figure 4: Relationship between bacteriophages amplification 

and host cell concentration change. 
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Figure 3: (a) Optical density 600 nm and (b) effective refractive index change of E-coli culture medium for 48 h. 
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an E. coli concentration of 10
3
 and 10

12
, respectively. The total intensity value is significantly reduced with higher 

concentration of E. coli because the transmission rate is reduced. The normalized integration gray value reduces by 

0.2725/cell. The detection resolution is 10
3
.
 
Furthermore, the distance of adjacent peaks increases with the increase 

of the host cell concentration. The pattern becomes indistinctive from a clear distribution one. More information can 

be analyzed by using a data processing system to get a higher resolution detection, which will be done in our future 

work. 
 

CONCLUSIONS 

In summary, a droplet-based optofluidic system is developed to effectively detect and quantify bacteriophages. The 

existence and amplification of bacteriophages can be monitored by measuring the concentration change of host cells, 

which are mixed inside a single microdroplet. A real-time host cell concentration measuring system is designed 

based on the optical scattering pattern analysis. The optofluidic system is developed to effectively detect and 

quantify bacteriophages in real-time with a detection resolution of 10
3
. A higher resolution can be realized by using a 

data processing system to analyze the scattering pattern, which will be done in our future work. 
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Figure 5: (a) The scattering pattern of single microdroplet (b) the fluorescent intensity distribution of the 

scattering pattern of E. coli concentration of 10
3 
and (c) the fluorescent intensity distribution of the scattering 

pattern of E. coli concentration of 10
12

. 
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            (a)    (b)          (c)       (d) 
Figure 1: EWOD chip for tracer synthesis and purification. (a) device layout with multifunctional ITO electrodes 
(blue) and gold contacts (yellow), (b) the reaction site zoomed in to show individually controlled 4 concentric 
resistive heating rings, (c) assembled EWOD device with ITO/nitride/Teflon®-coated cover plate, (d) cover plate with 
a window to expose the alumina under Teflon®. 

PLANAR ALUMINA PURIFICATION OF 18F-LABELED RADIOTRACER 
SYNTHESIS ON EWOD CHIP FOR POSITRON EMISSION 

TOMOGRAPHY (PET) 
Supin Chen1, Jack Lei2,3, R. Michael van Dam1,2,3, Pei-Yuin Keng2,3, Chang-Jin “CJ” Kim

1,4 
1Bioengineering Dept., 2Dept. of Molecular and Medical Pharmacology, 3Crump Institute for Molecular Imaging, 

4Mechanical and Aerospace Engineering Dept., University of California, Los Angeles (UCLA) 
 
ABSTRACT 
    We present planar alumina as a solid phase extraction surface for purification steps of on-chip chemical 
synthesis. Droplet mixing, by electrowetting and resistive heating, induced sufficient surface interaction with 
alumina to remove [18F]fluoride ion from a droplet. This mechanism was used for purification of [18F]fallypride (a 
radiolabeled neurotransmitter for studying Alzheimer’s disease with positron emission tomography) after it was 
produced on chip. 
  
KEYWORDS 
Electrowetting, Digital Microfluidics, PET, Radiotracer, Alumina Anodization, Fluoride Removal.  

 
INTRODUCTION 

Positron emission tomography (PET) is a highly sensitive type of functional medical imaging that requires 
administration of a positron-emitting tracer with biological activity. The tracer used establishes the PET imaging 
application, which can include studies of disease mechanisms, early disease diagnosis, monitoring therapy response, 
and developing therapeutics [1]. Previously, we demonstrated syntheses of various PET tracers (analogs of sugar, 
DNA nucleoside, neurotransmitter, and protein-labeling agent) on an electrowetting-on-dielectric (EWOD) chip, but 
purification steps were performed off chip [2,3]. Motivated towards complete radiosynthesis-on-a-chip, in this report 
we develop extraction of excess [18F]fluoride on the same chip after tracer synthesis reactions. This is an important 
purification step to prevent image quality from being diminished by [18F]fluoride uptake in bone. 

[18F]fluoride is an ideal radioisotope for PET because of its ability to replace hydrogen or oxygen of a 
biomolecule. Its intermediate 109.8 minute half-life allows a radiotracer to be produced and transported to nearby 
imaging sites, but is also short enough to avoid long ionizing radiation exposure to patients or laboratory animals. 
However, any leftover [18F]fluoride ion from a typical tracer synthesis formulated and injected into a living subject is 
likely to be taken up into bone, causing a high background signal and complicating interpretations of images [4].  

Removal of the excess [18F]fluoride ion after a typical radiotracer synthesis is conventionally performed by 
flowing the crude solution through a purification column packed with alumina [2,5]. In order to ensure enough 
surface interaction to trap the free [18F]fluoride, the column must have sufficient amount of alumina, which requires 
additional solvent volume to separate the radiolabeled probe from the unreacted [18F]fluoride ion with high 
purification efficiency. Furthermore, the conventional method necessitates additional hardware to flow the crude 
mixture and solvent through the cartridge, which increases the overall footprint and complexity of the synthesizer.  
Here we introduce alumina as the dielectric layer of the EWOD cover plate as well as for extraction of the fluoride 
ion leftover after radiosynthesis on the EWOD chip. An exposed window in the Teflon® coating of the alumina 
provides sufficient surface area to extract fluoride ion from the sample squeezed within a 150 μm plate gap by a 

combination of EWOD mixing and resistive heating.  

 
EXPERIMENTAL 

Both the substrate (device) and top (cover) plate of our parallel-plate EWOD chip were fabricated from 700 
μm-thick glass wafers coated with 140 nm indium tin oxide (ITO) (Semiconductor Solutions). The ITO on the 
device plate was patterned to form multifunctional electrodes for heating, temperature sensing, and EWOD driving 
(Figure 1) [2]. The device plate was further evaporated and patterned with chrome (20 nm) and gold (200 nm) to 
form EWOD electrodes, connection lines, and contact pads. Silicon nitride was deposited by PECVD, thick (2 μm) 
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Figure 3: Synthesis of [18F]fallypride. 

 
Figure 2: Video image of exposed 

alumina cover plate assembled over 

EWOD plate. The 15 nm aluminum 

electrical ground layer is transparent. 

Table 1: Adsorption of fluoride ion on various cover-plate surfaces. 

 

on the device plate and thin (100 nm) on the cover plate, to form the main dielectric for each plate. Teflon® (250 

nm) was spin-coated and annealed at 340˚C under vacuum to make the surfaces hydrophobic. 

The purification cover plate was fabricated by evaporating aluminum (65 nm) onto glass slides. Nonporous 

alumina was grown by anodization with a constant current step (1 mA, 20 min) and a constant voltage step (60 V, 1 

hr). A conductive but transparent 15 nm aluminum layer was left beneath the grown alumina (80 nm) (Figure 2). 

Bake steps (500˚C, 3 hours) were used before and after anodization to induce γ’-Al2O3 crystalline formation [6]. 

Teflon® (Teflon AF 1600) was spin-coated and patterned by lift-off of low-tack tape to open a window for the 

underlying alumina. Repeatable movement of droplets on alumina-exposed regions was accomplished with water, 

acetonitrile, dimethyl sulfoxide, and methanol solutions using 90 Vrms,10 kHz. 

 

 

 

 

Fluoride adsorption on various cover-plate surfaces was examined by squeezing cyclotron-produced [18F]fluoride 

ion in water droplets between parallel plates with a 150 μm gap for 10 minutes (Table 1). The loaded radioactivity 

was measured in a dose calibrator (CRC-25R, Capintec). The plates were then separated and washed with 20 μL of 

water before the radioactivity of each plate was again measured. Fluoride adsorption was quantified as the ratio of 

radioactivity left on the plate compared with the radioactivity initially loaded. Fluoride trapping on an alumina cover 

plate baked at 500˚C was also examined with EWOD mixing (30 sec) and resistive heating (85˚C, 3 min). 

We synthesized [18F]fallypride as the tracer to demonstrate on-chip removal of [18F]fluoride (Figure 3). 
[18F]fallypride is a dopamine receptor antagonist, useful for studying Alzheimer’s and Parkinson’s disease. It was 

synthesized in our EWOD chip with a Teflon®-coated ITO cover plate. First, a mixture of TBAH/[18F]fluoride (7 

μL) was pipetted onto the chip, moved to the heater by EWOD actuation, and heated at 105˚C for 1 minute. For 

fluorination, 4 μL of fallypride precursor dissolved in thexyl alcohol was loaded by pipette, moved to the heater, and 

heated at 100 ˚C for 7 minutes. 

At the end of synthesis, the ITO/nitride cover plate was replaced with an exposed alumina version. For this 

demonstration, crude product was collected using a micropipette with 10 μL of MeOH and MeCN and analyzed by 

radio-TLC (MiniGITA star, Raytest) to quantify the ratio of [18F]fluoride compared with the [18F]fallypride product. 
Crude product (10 μL) was then transferred back onto the chip and squeezed between the parallel plates. An EWOD 

mixing sequence (30 seconds) and heating (65˚C, 4.5 minutes) were used to facilitate adsorption of ions onto the 

exposed alumina surface. The remaining droplet was collected by syringe after removal of the alumina cover plate. 

Radiochemical purity (proportion of total radioactivity labeled onto desired radiotracer) was analyzed by radio-TLC. 

 

RESULTS AND DISCUSSION 

The radio-TLC results of the crude product and the final product are shown in Figure 4. The crude product 
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radio-TLC shows a radiofluorination efficiency of 88%, which is typical for our on-chip [18F]fallypride synthesis. 

After the fluoride removal step, the final product radiochemical purity was 100%. The radio-TLC showed that all of 

the unreacted [18F]fluoride was removed from the crude reaction mixture. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

The reported demonstration of planar alumina as a solid-phase extraction surface shows that with adequate 

mixing, purification can be performed on chip in a parallel-plate EWOD device using only surface modifications, 
eliminating the use of a packed column. We designed the alumina cover plate to remove [18F]fluoride for our 

application, but with further processing the alumina can be prepared for adsorption of other ions, amines, and 

aromatic compounds. 

 

CONCLUSION 

We have reported a simple on-chip purification method to remove fluoride. Future work will focus on 

characterizing the alumina surface and optimizing the extraction so only one cover plate is needed. With proper 

design, potentially other chemical species can also be extracted on chip during multi-step synthesis. 
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Figure 4: Radio-TLC analysis of: (a) crude product to determine the radiofluorination efficiency of [18F]fallypride, 

(b) the purified product after extraction using the alumina exposed cover plate. 
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ABSTRACT
A microfluidic technique for combinatorial chemical synthesis of peptidomimetics has been developed. The new 32-

step method is fast, automated and includes an integrated magnetic separation of inorganic catalysts from reaction 
products. This proof-of-concept study should lead to methods for generating libraries of compounds suitable for 
screening for bioactivity.

KEYWORDS
Digital microfluidics, combinatorial synthesis, peptidomimetics, therapeutics discovery

INTRODUCTION
The miniaturization of synthesis offers advantages such as high-throughput operations and faster reactions [1]. 

Recently, digital microfluidics (DMF) has become popular for applications in chemical synthesis [2,3]. In DMF, droplets 
of reagents (nL–μL), each serving as a discrete microreactor, are manipulated by applying a series of electrical potentials 
to an array of electrodes coated with a hydrophobic insulator [4]. The DMF format shares many of the advantages of 
microchannels, with added benefits of inert device materials, control over reagents without pumps, valves, or tubing, and 
facile control of both solids and liquids (i.e., there are no channels to clog). Here, we report the first digital microfluidic 
method for combinatorial chemical synthesis, applied to the synthesis of peptidomimetics and related products. The new 
method is fast, automated and includes an integrated magnetic separation of inorganic catalysts from reaction products
[5].

EXPERIMENTAL
DMF devices were fabricated in the University of Toronto Emerging Communications Technology Institute (ECTI) 

cleanroom facility as described in detail elsewhere [6].
For analysis by mass spectrometry, ~2.3 mM solutions of reaction products formed by digital microfluidics were 

dissolved in 70 µL aliquots of methanol containing 0.1% formic acid. These solutions were injected into a 1200 series 
quadrupole mass spectrometer (Agilent, Santa Clara, CA) operating in positive ion mode. The samples were delivered at 
a flow rate of 0.5 mL min-1, with an applied voltage of 50 V and capillary temperature of 100ºC.

RESULTS AND DISCUSSION
The starting reagents for the synthesis reported here, shown in Figure 1, are two thioacid peptides (A1,2) and two NH 

aziridine terminated amino acids (B1,2). We reacted A1,2 and B1,2 to form four peptidomimetic products (Ai-Bj) as shown 
in Table 1. 

Figure 1: Starting materials 
used for combinatorial 
peptidomimetic synthesis: 
thioacidpeptides (A1,2) and NH 
aziridine terminated amino 
acids (B1,2).

Table 1. Reaction scheme (top) and products (bottom) for the 
combinatorial synthesis of peptidomimetics.
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The device used for this work, shown in Figure 2a, has an array of actuation electrodes connecting a series of 
reservoirs containing various reagents. Figure 2b demonstrates the full protocol required for synthesis of 
peptidomimetics. First, four droplets containing the thioacid peptide substrates (two each of A1 and A2) were dispensed 
from their respective reservoirs. Second, four droplets containing the NH aziridine terminated amino acid substrates (two 
each of B1 and B2) were dispensed. Third, the droplets were combinatorially merged, mixed, and incubated for 1 h. 
Fourth, the solvent was evaporated to isolate the peptidomimetic products. 

Mass spectrometry (MS) was used to evaluate the efficacy of synthesis by the digital microfluidic method. Figure 3a,b 
shows representative mass spectra of A1-B1 and A1-B2, with peaks at m/z 425 and m/z 451, respectively. The MS spectra 
for products A2-B1 and A2-B2 were also obtained, but data not shown. Peptidomimetic products were further modified to 
form desulfurized analogues as illustrated in Figure 4. First, four droplets of solvent (methanol) were dispensed and 
delivered to the solid products for dissolution. Second, four droplets containing Raney Nickel (RaNi) catalyst were 
dispensed, merged, and mixed with the droplets containing the peptidomimetics, and the reactions were allowed to 
incubate for 15 min. Third, the catalyst was immobilized using a magnet and the product droplets were driven away. 
Fourth, the solvent was evaporated to isolate the desulfurized products. MS spectra (Fig. 3c,d) of desulfurized A1-B1 (m/z 
393) and A1-B2 (m/z 419) demonstrated that the reaction was driven to completion, as there were no peaks representative 
of the starting materials. This trend was also observed for the other desulfurized peptidomimetic compounds (data not 
shown).

Figure 4: Sequence of frames from a movie 
illustrating the steps of desulfurization with Raney 
Nickel (RaNi) on a digital microfluidic device. In 
frames 1 and 2, peptidomimetic products are 
solubilized in methanol, merged with droplets (4.5 
μL) of RaNi, and then incubated for 15 min at room 
temperature. In frame 3, desulfurized products were 
isolated by immobilizing the Ni with a magnet (not 
shown) and driving the reaction mixture away to 
evaporate Finally, in frame 3, peptidomimetic 
product A1-B1 was isolated by allowing the solvent 
to evaporate (room temperature, ~15 min).

Figure 3: Mass spectra of peptidomimetic products 
(a) A1-B1 and (b) A1-B2, and desulfurized products (c)
A1-B1 and (d) A1-B2 synthesized by digital 
microfluidics.
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Figure 2: (a) Schematic of the digital microfluidic device used for combinatorial peptidomimetic ligation. (b) Sequence 
of frames from a movie illustrating digital microfluidic-based ligation. In frames 1 and 2, droplets (900 nL each)
containing thioacid peptides A1 and NH aziridine terminated amino acid B1 were dispensed from their respective 
reservoirs, merged, mixed, and reacted in a miniaturized glovebox (not shown) at room temperature for 1 h. Finally, in 
frame 3, peptidomimetic product A1-B1 was isolated by allowing the solvent to evaporate (room temperature, ~15 min).

(a)
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The new digital microfluidic method has several advantages relative to conventional techniques. This method delivers 
faster reactions and represents a >1000-fold reduction in reagent use relative to lab-scale methods (microliters relative to 
milliliters). In addition, the digital microfluidic method has the advantage of simplicity – no stir bars, stir plates, or rotary 
evaporators were required.  

A critical step for many synthetic protocols (including those described here) is the removal of solvent, collection of 
some of the intermediate products for analysis, and re-dissolution for further processing. These steps can be challenging 
to implement in enclosed microchannels, but digital microfluidics is well-suited for forming precipitates and dissolving 
them [2]. Moreover, the reconfigurability of digital microfluidics allows for flexible solvent metering. In preliminary 
work, we found that 900 nL droplets of solvent were adequate to dissolve each of the peptidomimetic solids formed here, 
but in future experiments, much larger volumes (up to hundreds of microliters) could be used depending on the solubility 
of each compound. 

A significant novelty in the methods described here is the use of magnetic forces to separate a RaNi catalyst 
(composed of grains of nickel-aluminium alloy) from desulfurized products. In this process, a magnet was used to 
immobilize RaNi to the device surface and supernatant containing products was driven away using digital microfluidics 
(Fig. 4). Magnetically controlled catalysts are currently attracting attention in the chemical synthesis community [7] 
because of the ease of recovery and reuse of catalyst materials. As far as we are aware, the methods reported here 
represent the first combination of magnetic isolation of inorganic catalysts implemented by microfluidics (of any format). 
We propose that this represents an important step forward for the field, as there is great potential for the development of 
rapid, automated synthesis with reusable magnetic catalytic materials (e.g., MagTrieveTM catalysts). This proof-of-
concept is likely just the beginning; by increasing device footprint and/or operating multiple devices in parallel we 
propose that it will be straightforward to synthesize tens of products in parallel. 
 
CONCLUSIONS 

In summary, we report a new microfluidic technique for combinatorial synthesis, applied to formation of 
peptidomimetics and their desulfurized analogues. This method strengthens the prospects of peptidomimetics for 
discovery of novel protein scaffolds and therapeutics. The new method has several advantages over bench-scale formats, 
including reduced reagent and sample consumption, automated handling of liquids and solids, and straightforward 
parallel-scale synthesis. The results suggest that there is great potential for digital microfluidics for fast and automated 
combinatorial synthesis of libraries of compounds. 
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ABSTRACT 
    We have previously presented the synthesis of monodisperse doughnut-shaped silica microparticles by a simple 
droplet-based microfluidic approach. [1] Here we further studied their formation mechanism triggered by rapid solvent 
diffusion and the parameters for shape control. Interestingly, it is found that the shape of the silica particles can be 
tuned by the ratio of droplet diameter to microfluidic channel height (D0/h) and the local Peclet number, Pe. We 
demonstrate the monodisperse silica microparticles with tunable shape at fluid interfaces in microfluidics. By varying 
the channel aspect ratio (Rasp) and Pe, we have achieved silica particles with variable shapes of sphere, dimpled sphere, 
bowl, doughnut.  

KEYWORDS 
Droplet-based microfluidics, silica, tunable shape, fluid interface.  

INTRODUCTION 
Silica particles have demonstrated potentials in numerous fields such as separation science, drug delivery, or 

catalysis. [2] However, their polydispersity, either in size or shape, presents a major challenge in understanding and 
controlling the mass-transport properties, which in turn introduces a striking lack, for example, in understanding the 
effect of particle size and shape in the fields of drug delivery and material science. Recently, there has been a great 
attention to the synthesis of anisotropic silica particles. On the other hand, microfluidics provides a straightforward 
and robust approach to obtain highly monodisperse droplets, one at a time and with an incomparable degree of control 
over size. In addition, the characteristic parabolic velocity profile in microfluidic channel introduces new phenomena 
in hydrodynamics. Therefore, we applied on chip emulsification and solvent diffusion to synthesize silica particles 
with controlled size and shape. Silica shape can be tuned by D0/h and Pe varying from sphere, dimpled sphere to bowl 
and doughnut. The interesting results would help to promote the potential applications of silica materials in separation, 
adsorption, catalysis and drug delivery, [3-4] especially in the case that particle shape has a strong impact on their 
performance. [5]  

EXPERIMENT 
Droplets were achieved on chip using a flow focusing device (Fig. 1). The microfluidic channels were obtained by 

irreversible thermal bonding of a PDMS replica onto a flat PDMS slab and the resulting chip was used directly without 
any surface modification. The continuous oil phase, dimethyl carbonate (DMC, 99 %, Sigma-Aldrich), was supplied to 
the device through inlet 1 using a digitally controlled syringe pump (Harvard Apparatus PHD 2000, USA). The 
dispersed aqueous phase was supplied through inlet 2 in the same manner. The silica sol precursor solution was used as 
aqueous phase, which was prepared by mixing 1.0 mL of tetraethyl orthosilicate (TEOS, 99.0 %, Fluka), 0.1 mL of 
triethyl amine (TEA, 99.5 %, Fluka) with 5.0 mL of water (MilliQ, 18 M.cm). This mixture was stirred at room 
temperature until one single homogeneous phase appeared (~ 5 hours). 

The respective flow rates were 3.00 and 0.05 mL/hr.   
After the breakup junction, the emulsion droplets 
travelled along a channel with its width fixed at 200 µm 
and its height varying in the range of 60-240 µm, 
indicative of a Rasp of 0.3 to 1.2. Its total diffusion 
length, l, was either 36, 84, 109 or 137 cm, depending 
on the drying time required. Particles were collected 
from outlet  3. 

Figure 1: Scheme of the PDMS device used for this work.   
Droplets and particles were observed in situ using an Olympus IX51 inverse microscope (Olympus) coupled with a 

digital camera (Sony, SCD-SX90). Scanning electron microscope (SEM) images were obtained with JEOL 7600F 
instrument. To better understand their morphology, silica particles were cured in epoxy resin and sectioned into 
ultrathin slices for tunnelling electron microscope (TEM) observations. 

Pe is defined as the ratio of two characteristic times in the drying process: [6] time required for a sol nanocluster 
(SN) to diffuse from the edge of the droplet to its center, R2/Ddif. Here R and Ddif are the radius of the droplet (R =1/2 D0, 
Fig. 2) and the SN diffusion coefficient, respectively, while the other is the time required for a droplet to dry, d. Ddif is 
calculated by Stokes-Einstein equation [6] with the SN’s size of 25 nm. [1] Thus, Pe = R2/ d Ddif.  

As previously stated, uniform W/O droplets were generated with the flow focusing PDMS devices and 
subsequently underwent in situ rapid solvent diffusion in microfluidic channel. After their generation, the sol droplets 
were found subject to consecutive stages of shrinkage, deformation, buckling, condensation and solidification. [1] The 
resulting silica particle shape, however, strongly depended on the Rasp. Besides doughnut-like shape, we also 
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reproducibly achieved bowl-like shape. Fig. 2 compares the real-time droplet transformations in the microfluidic 
channels at two different Rasp and their resulting morphology characterized by SEM and TEM. From Fig. 2Ac, it is 
evident that, when Rasp = 0.4, droplets tend to deform symmetrically in the cross flow direction after shrinkage, 
resulting in lateral buckling toward a final doughnut shape (Fig. 2A d-f); On the contrary, when Rasp = 1.1, deformation 
can occur at any point of the droplet free surface (Fig. 2Bc), leading to asymmetric buckling and eventually to 
bowl-like silica particles (Fig. 2B d-f). The cross sectional view of the particles by TEM in Fig. 2h clearly 
demonstrates their different morphologies simply through varying the Rasp. 

 
 
 
 
 
 
 
 
 

 

Figure 2: Real-time droplet shape transformation at fluid interfaces at Pe much greater than unity when forming A) 
doughnut-shaped ( Pe = 52, Rasp = 0.4, D0/h = 0.92) or B) bowl-shaped (Pe = 45, Rasp = 1.1, D0/h = 0.57) silica 
particles: (a) droplet generation; (b) shrinkage; (c) deformation; (d) buckling; (e) condensation; and (f) solidification; 
(g) SEM and (h) TEM images of the as-formed particles. The time  indicates the actual time from the droplet 
generation. The arrows depict the flow direction in channels. The dark edges in images correspond to the side wall of 
serpentine channel with a total length of 36 cm. Scale bar is 50 µm unless otherwise stated. 

 
It has to be mentioned that the above two shapes are constantly achieved when Pe >> 1. It is found that Rasp plays a 

dominant role in particle shape when Pe is much greater than unity. Doughnut-shape and bowl-shape were constantly 
obtained when D0/h > 0.8 and D0/h < 0.8, respectively (Fig. 2).  

While we are able to demonstrate that D0/h plays a dominant role in silica particle shapes when Pe >> 1 in fluid 
interfaces in microfluidic channels, one may wonder the scenarios when Pe is reduced close to unity. According to the 
equation Pe = R2/ τd Ddif., reducing Pe means increasing droplet drying time in microfluidic channel or/and decreasing 
diffusion time of SNs. In our case, we used a high water content both in continuous phase and in emulsion droplets for 
slow water diffusion from the droplets. Thus, we used DMC with high water content as the continuous phase, and 
highly diluted precursor solutions (typically 10-time dilution) as water disperse phase. In addition, the drying 
serpentine channels were prolonged up to 137 cm for sufficient drying. In Fig. 3, silica particles with various shapes 
are displayed through tuning both the parameter D0/h and Pe. When Pe is small enough (Pe < 10) , surprisingly the silica 
particle shape is independent of D0/h and are found spherical (Fig. 3a & 3d).  When Pe is increased to a medium value 
around 10, dimpled spheres are observed. However, in the case of D0/h < 0.8, single-dimpled spheres are achieved (Fig. 
3b) instead of double-dimpled spheres in the case of D0/h > 0.8 (Fig. 3e). The results imply that, a small Pe generally 
favors spherical shape, independent of the D0/h. When Pe > 10, the parameter D0/h starts to play a dominant role, 
yielding two dominant shapes with a threshold at 0.8: bowl-like and doughnut-like shape for D0/h < 0.8 and D0/h > 0.8, 
respectively. 

 
 
Figure 3: Tuning the shape of silica particles by varying 
Pe and D0/h: a) Pe = 4.1, D0/h = 0.32; b) Pe = 12, D0/h = 
0.62; c) Pe = 45, D0/h = 0.57; d) Pe = 6.5, D0/h = 0.97; e) 
Pe = 10, D0/h = 0.80; f) Pe = 52; D0/h = 0.92. It is found 
that small Pe favors spherical shape and high D0/h favors 
disk shape. In order to achieve small Pe, diluted 
precursor solutions and prolonged microfluidic channels 
(l= 36~137 cm) were used. Scale bar: 10 µm. 

 
 
 
 
 
Coupled with hydrodynamics and mechanical instabilities at fluid interface, the non-uniform solvent diffusion at 

the periphery of the confined droplets is responsible for the tunable shape. [7] The characteristic parabolic velocity 
profile in microfluidic channels renders droplet-based microfluidics a unique method to prepare silica particles with 
morphology control. The velocity distribution at a cross section will be parabolic in shape with the maximum velocity 
at the center, essentially zero in contact with the wall. As a result, water within an emulsion droplet is removed at 
different rate across the circumferential region of droplets. Droplet’s circumferential region on xz plane (channel cross 
section view as showed in Fig. 4) is subject to different rate when it translates downstream with an entourage of the 
continuous phase. This difference becomes significant as soon as either the channel aspect ratio or the confinement 
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becomes large. In the fast drying regime (Pe >> 1) when D0/h > 0.8, the significant confinement renders solvent 
diffusion minimum at the top and bottom of droplet surface, maximum at the lateral direction (right in Fig. 4A), 
yielding the first formation of viscoelastic shell at the lateral direction. This is confirmed by the lateral deformation of 
droplet in forming doughnut-like shape in Fig. 2Ac. On the contrary, confinement is not significant in the case of D0/h 
< 0.8. Water diffusion is uniform in all radial positions (left in Fig. 4A). The droplets tend to shrink isotropically and 
viscoelastic shell forms in any energy well at the free surface of droplet (Fig. 2Bc). Further drying and buckling result 
in bowl-like shape as observed in Fig. 2B d-f.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4: Schematics of the non-uniform solvent diffusion introducing A) non-symmetric and symmetric buckling 
instability (indicated by red color) for a D0/h <0.8 and D0/h > 0.8, respectively; and B) slow diffusion at Pe <10, where 
buckling is absent. Black and grey arrows show fast and slow water diffusion; respectively. 

 
In the slow drying regime when Pe  < 10, the global internal mass transfer is much faster compared to the hindered 

water transfer at fluid interface, resulting in homogenous SNs across the droplet. As seen from Fig. 4B, the droplets 
don’t buckle but shrink isotropically, and undergo sol-gel transition to form spherical dense particles. 

We introduce a one-step approach for the synthesis of monodisperse silica particles with shape control : loss of the 
water contained in the sol triggers both the gel transition and the shape transformation of the initially spherical droplets 
at fluid interfaces. This interfacial evaporation driven shape transformation has already been observed in spray-drying. 
[8] To the best of our knowledge, this is the first trial for accurate engineering of anisotropy in silica particles by a 
microfluidic approach. This method is completely general and it allows in situ encapsulation of functional molecules 
for drug delivery carrier. In order to control the morphology, one would just need to tune parameters such as the sol 
concentration, sol droplet size, channel dimensions. 
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of oxygen and irradiation with the same light source. Finally an experiment using the porphyrin-immobilised chip 

was conducted in which a 5 mM solution of cholesterol was pumped through the chip with a supply of oxygen at the 

flow rates described from the flow reaction above. The resulting cholesterol mixture in each case was tested using 

HPLC with a C18 column, 40:60 CH3CN:MeOH mobile phase using a UV detector at 205 nm. In order to determine 

the % conversion of cholesterol to oxidized products, area-under-the-peak analysis was performed. 

For the photooxidation reactions of α-terpinene and citronellol the batch reactions and the porphyrin-immobilized 

chip reactions were conducted. For the batch reactions 5 mL of a 20 µM solution of porphyrin was mixed with 5 mL 

of a 0.15 mM solution of the reagent in methanol. The reaction mixture was irradiated with the Xe light source and 

supplied with oxygen. For the porphyrin-immobilied chip reactions a 0.15 mM solution of the reagent in either 

methanol or hexane was pumped through the chip whilst irradiated with the same light source. The resulting 

α-terpinene mixture was analysed on GC-MS with an HP-1 column (0.2 mm x 12 m x 0.33 µm) using He carrier gas 

at 1 mL min
-1

; injector and detector temperature set at 250 °C and 280 °C, respectively. The sample size was 1 µL 

with a split ratio of 52:1:1 and area-under-the-peak analysis performed on the resulting spectra. The resulting 

citronellol reaction was analysed on HPLC again with a C18 column, but with 70:30 CH3CN:0.1 M formic acid as 

mobile phase at 1 mL min
-1

 using a UV detector at 215 nm performing area-under-the-peak analysis. 

 

RESULTS AND DISCUSSION 

The immobilization of molecules bearing the isothiocayanto group on the aminated surface of the glass channels 

on-chip was demonstrated with RBITC. The resultant color change of the channels to a bright pink which remained 

after sonication of the chip in methanol confirmed the validity of the immobilization technique. The porphyrin was 

immobilized using the same technique and compared to batch and solution phase oxidation methods for cholesterol. 

For the photooxidation reactions of α-terpinene and citronellol the batch reaction was compared to the reaction using 

the immobilized porphyrin using both methanol and hexane on-chip to determine any solvent effects. The results are 

shown in figures 2 and 3. 

 

 

Figure 2: Graph showing the conversion of cholesterol to oxidized products by singlet oxygen produced from 

porphyrin in (i) a batch procedure, (ii) free solution in continuous flow, and (iii) when immobilized on the channels 

of a microfluidic chip. 

 

 

 

 

 

 

 

 

 

Figure 3: Graph showing the conversion of α-terpinene and citronellol, in methanol or hexane, to oxidized products 

by singlet oxygen produced from porphyrin in batch procedures (methanol only) and when immobilized on the 

channels of a microfluidic chip. 

This shows that for the oxidation of cholesterol the immobilized porphyrin out performs the porphyrin in solution 

on-chip. This is most likely due to the residence time of the porphyrin in solution as opposed to the immobilized 

porphyrin which undergoing constant irradiation. The batch reaction results in a much higher yield, however, it takes 

place over a much longer time span (1 hour vs 15 or 30 seconds on-chip). The oxidation of α-terpinene on-chip is 

much higher than for citronellol, but with much greater variance over numerous reactions. The use of hexane for the 

oxidation of α-terpinene appears to be detrimental, but had little effect on the oxidation of citronellol. Overall the 

yields are higher in all these reactions in batch than on-chip. However, this does not take into consideration the 

5 µL min
-1

 

2.5 µL min
-1

 

batch 

5 µL min
-1

 

2.5 µL min
-1

 

batch 

αααα-terpinene 

citronellol 

 1781



reaction time. A method of comparing the efficiency of reactions in various reaction vessels is the space-time yield 

(STY).[8] The results for the STY analysis of these reactions is shown in figures 4 and 5. 

From these results it is clear that all the on-chip experiments were much more efficient than the batch reactions. 

The STY for cholesterol and α-terpinene show a marked improvement in STY on-chip as compared to batch, 

however, as expected, the citronellol STY is only slightly better than batch. 

Figure 4: Graph showing the effective space-time yields (STYs) for the oxidation of cholesterol by singlet oxygen 

produced from porphyrin in (i) a batch procedure, (ii) free solution in continuous flow, and (iii) when immobilized on 

the channels of a microfluidic device 

 

 

 

 

 

 

 

 

 

Figure 5: Graph showing the effective space-time yields (STYs) for the oxidation of α-terpinene and citronellol by 

singlet oxygen produced from porphyrin in a batch procedure (methanol only) when immobilized on the channels of 

a microfluidic device with methanol or hexane as the solvent. 

CONCLUSION 

We have shown that porphyrin immobilized on the glass channels of a microfluidic chip was capable of 

producing singlet oxygen and other ROS with high efficiency. Although the yields are lower than the batch reaction 

the ability to conduct photooxidation reactions on small samples, with improved efficiency and purity could be 

useful in the synthesis of natural products where sample sizes are often limited and finite. 
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ABSTRACT 
A liquid-core/liquid-cladding optical waveguide using a miscible solvent system, i.e., 50 % ethanol for the core and 

water for the cladding, was applied to observe the complexation reaction of aluminum ion (Al3+) and lumogallion. The 
complexation reaction was monitored by measuring the fluorescence of Al3+- lumogallion complex (ex. 473 nm, em. 565 
nm). The reaction started at the interface between the core and clad solutions, then, the region of the reaction gradually 
expand to the center of the core solution. This result was compared with that of computational fluid dynamics (CFD) 
simulation of the LLW, those showing the consistent result with each other.  
 
KEYWORDS 
Liquid-core/liquid-cladding optical waveguide, complexation reaction, aluminum ion, lumogallion, computational fluid 
dynamics. 
 
INTRODUCTION 

The concept of a liquid/liquid optical waveguide (LLW), which has a liquid-core/liquid-cladding structure, has firstly 
been introduced by us [1, 2], then, it has been extended to micro-fluidic microchips by some other research groups, where 
its potentialities as an optical switch, an evanescent coupler and so on have intensively been investigated, and 
consequently the field of “optofluidics” has been being developed rapidly [3-5]. Our purpose, on the other hand, has been 
to apply the LLWs for reaction cells to study liquid/liquid interfacial phenomena. Our LLWs have been fabricated using 
the sheath flow from a concentric stainless capillary (core) and an outer glass capillary (clad).  Miscible solvent-systems 
such as tetrahydrofuran (THF) /water, 50 % ethanol/water, 15 % NaCl aqueous solution/ water and etc. have been used to 
form the LLWs. In particular, the THF/water LLW was applied to observe the ion-pair solvent extraction process of 
1-anilino-8-naphthalene sulfonate (ANS) and hexadecyltrimethylammmonium ion (CTA) [2].   

In this work, a 50 % ethanol/water LLW was applied to observe the 
complexation reaction of aluminum ion (Al3+) and lumogallion by measuring 
the fluorescence of Al3+-lumogallion complex. Moreover, the result was 
compared with that of computational fluid dynamics (CFD) simulation of the 
LLW. 

 
EXPERIMENT 

Lumogallion (4-chloro-6-(2,4-dihydroxyphenylazo)-1-phenol-2-sulfonic 
acid), which is a famous fluorometric reagent for Al3+, was purchased from 
Tokyo Chemical Co. Ltd, Japan and was used without further purification. 
The experimental set up of the LLW system is shown in Figure 1. The 50% 
ethanol solution containing 0 to 40 mol/dm3 Al3+ (the core solution) and the 
aqueous solution containing 200 mol/dm3 lumogallion (the clad solution) 
were sent into the inner capillary and the outer capillary, respectively, with a 
gravity-driven method. The inner capillary was a stainless capillary; i.d., 0.13 
mm; o.d., 0.31 mm; the tip of the capillary was tapered. The outer capillary 
was a square glass capillary; i.d., 1.2 x 1.2 mm; o.d., 1.7 x 1.7 mm; length, 
200 mm. The source light, a blue laser (473 nm), was introduced into the 
inner flow through an optical fiber (o.d., 70 m; N.A., 0.2). The 
Al3+-lumogallion complexation reaction was monitored measuring the 
fluorescence of Al3+-lumogallion complex (max, 565 nm) with a microscope 
system (a custom-made system, Olympus Co. Ltd., Japan) having a CCD camera (Ratiga 2000R, QImaging Co. Ltd., 
Canada) or a multi-channel CCD detector (PMA-11, Hamamatsu Photonics Co. Ltd.,). The microscope system was 
moved manually along with the long axis of the LLW. CFD simulation was performed using a commercial CFD software, 
STAR-CD. 
 
RESULTS AND DISCUSSION 

The 50 % ethanol/water LLW was stable up to at least 150 mm from the tip of the inner-capillary in the range of 1.4 
to 2.3 cm s-1 of the average linear velocity of both flows, where almost no leakage of the guided light was observed.   

Blue laser 
(473 nm) 

Figure 1. Schematic diagram of 
LLW system 
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The fluorescence signal intensity of Al
3+

-lumogallion 

increased along with the increase in the distance 

from the tip of the inner-capillary, i.e., the increase in 

the contact time of the core solution and the clad 

solution, as shown in Figure 2.  Moreover, the 

interference effect of citric acid with this reaction is 

also shown in the same figure. Al
3+

 and citric acid are 

known to form a stable complex, thus, the addition of 

citric acid to the core solution prevented Al
3+

 from 

the formation of Al
3+

-lumogallion complex.  

Similar effect was also observed when oxalic acid 

was added to the core solution. These results may 

show that aquo-Al
3+

 ion and the complexed Al were 

distinguished from each other in this measurement, 

that suggesting the potentiality of this LLW system 

as a new tool for elemental speciation analysis for Al. 

Moreover, Figure 3 shows the photos of the 

fluorescence signals from the LLW. These figures 

shows that the reaction started at the interface 

between the core and the clad solutions, then, the 

region of the reaction gradually expanded to the 

center of the core solution as shown in the same 

figures.  

 

 

 

Then, the CFD simulation of Al
3+

 and lumogallion was performed. The results on a) Al
3+

 concentration and b) 

lumogallion concentration are shown in Figure 4, respectively.  The conditions of the simulations are also summarized 

in the same figure. Moreover, the products of a) Al
3+

 concentrations and b) lumogallion concentrations in Figure 4 are 

shown in Figure 5, which should be a first approximation to the concentration of Al
3+

-lumogallion complex.  As shown 

Figure 2. Fluorecence signal intensity of Al
3+

-lumogallion 

complex along with the distance from the tip of the inner 

capillary 

Conditions: Core solution, Al
3+

 40μM (+citric acid) in 50% 

EtOH solution; Clad, Lumogallion 200 μM in pH6.2 Buffer: 

Linear Velocities of Core and Clad, 14 cm/s, 1.4 cm/s, 

respectively 
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in Figure 5, the CFD simulation predict that the fluorescence starts at the interface at 0 s; the peaks of the fluorescence 

move toward the center of the core at 0.9 s; the whole core emits the fluorescence after 1.8 s. These results are in good 

agreement with those of the experiment (see Figure 3), that confirming the usefulness of the CFD simulation. 

Conclusively, the LLW was able to be applied to observe the complexation reaction of Al
3+

 and lumogallion. 

Moreover, the CFD simulation was effective to understand the behavior of the molecules in the LLW.  

 
 

 

 

 

 

The conditions of the simulation:  

Core solution:  Al 40 μM  

Clad solution:  Lumogallion 200 μM  

Linear Velocity Ratio of Core and Clad: 0.76：1 

Average Linear Velocity:  2.24 cm/s 

Program ：STAR-CD 

Diffusion Coefficient of Al
3+

: 5.94×10
-10

 m
2 
s

-1
 

(Value of Cr
 3+

)
 
 

Diffusion Coefficient of Lumogallion: 2.8×10
-10

 m
2 
s

-1 

(Value of Rhodamin-6G)  
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ABSTRACT 
We present a simple capillary-based microfluidic method to fabricate monodisperse microgels composed of 

polymeric ionic liquids (PILs). We are able to tune the size, hydrophilicity/hydrophobicity and chemical nature of 
these microgels by selecting an appropriate anion from a diverse pool of anions. Further, these microgels can also 
stably accommodate organic indicators useful for pH sensing and remove ionic contaminants from water. 
 
KEYWORDS: Microfluidics, Ionic liquid, Microgels, Purification, pH Sensing 
 
INTRODUCTION 

Microscale hydrogels or microgels possessing diverse chemistries and geometries have attracted tremendous 
research and commercial interest over the past decade due to their potential applications in drug delivery, cell 
encapsulation, as tissue engineering scaffolds, and in chemical sensing [1]. In this paper, we present microfluidic 
fabrication methods for monodisperse polymerized ionic liquid microgels. Ionic Liquids (ILs) are liquid salts 
composed of organic cations and organic or inorganic anions. They possess a range of remarkable properties 
including high electrical conductivity, excellent thermal stability, very low volatility as well as wide range of 
solvability. Physical properties of ILs such as viscosity, density, hydrophobicity etc. can be altered by the judicious 
choice of cations or anions [2]. The incorporation of ionic liquids into macromolecular architectures to modulate 
their intriguing features has recently attracted enormous interest in material science. ‘Poly (ionic liquid)s’ or PILs 

have enhanced stability, improved processability, durability, in addition to control over their meso- to nano-structure 
while retaining all the salient features of ionic liquids [3, 4]. PILs are excellent functional materials for carbon 
dioxide capture, microwave absorption, catalysis processes, chemical separation and sensing applications. However, 
despite several advances in the application of PILs, there are no robust and reliable methods to fabricate these 
particles with strict control over structure and monodispersity [5]. 

In most cases, ionic liquid-based polymers or PILs are produced as bulk polymeric materials, typically by 
classical emulsion polymerization in stirred tanks [5, 6]. Hence the products do not have well-defined, regular 
shapes and sizes. In order to fundamentally and quantitatively investigate how the chemical nature of the constituent 
cations and/or anions of ionic liquids can dictate or alter the structural features of the PILs, at different size-scales 
(micro-nanometers), there is a need for a reliable way of producing monodisperse PIL-based materials. In addition, 
ionic liquids can accommodate both polar and nonpolar molecules – a property that can be exploited to use such PIL 
microgels for chemical separations and sensing. The availability of monodisperse PIL microgels also facilitates 
quantitative studies in these applications. We present two simple capillary-based microfluidic methods to generate 
nearly monodisperse PIL microgels over a wide size range (~200-1000 µm), where we utilize the UV cross-linking 
of an IL monomer, alkenylimidazolium bromide with poly(ethylene glycol) diacrylate (PEGDA). We leverage the 
ion-exchange feature of synthesized PIL microgels to controllably tune their sizes and also switch from hydrophilic 
to hydrophobic behavior. We demonstrate applications of these PIL microgels as reversible pH sensors and in heavy 
metal removal from water. 
 
EXPERIMENTS AND RESULTS         

PIL microgels are prepared using emulsion-based microfluidic co-polymerization of an IL monomer, 1,3-
bis(pentenyl)-2-methylimidazolium bromide in the presence of poly(ethylene glycol) diacrylate (PEGDA) as the 
cross-linking agent and photoinitiator Darocur 1173. Two exemplary capillary-based microfluidic setups employing 
co-flow (needle-in-tube through a PEEK T-junction) and flow-focusing (simple PEEK cross-junction) are utilized to 
generate droplets of the IL-PEGDA monomer mixture in silicon oil. This is followed by photopolymerization using 
a UV lamp leading to PIL microgel formation (Fig. 1 (a,b)), in which the imidazolium cations are cross-linked with 
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PEG diacrylate, while bromide anions are electrostatically attached with the positively-charged imidazolium-

backbone. Steromicroscopic and FESEM images reveal that highly monodisperse and perfectly spherical 

micoparticles are obtained (Fig. 1 (c-g)). The particle surfaces are textured at the sub-micron scale, as seen in the 

SEMs in Figure 2(a-c).  

We investigate the structural and chemical features of PIL microgels. A crucial and unique feature of such 

microgels is the ability to readily switch physical properties by switching the constituent anions. For example, the 

as-synthesized hydrophilic PIL microgels (with imidazolium bromide moieties on the surface) are readily and 

rapidly transformed to hydrophobic microgels by anion exchange with bistriflimide, leading to rapid aggregation 

and clustering in water, but easy dispersion in an organic solvent. Due to relatively higher hydrophobicity of NTf2
-
 

anions compared to Br
-
 anions, a significant amount of the entrapped water in microgel is extruded, causing the 

shrinkage of anion-exchanged microgels to about 40% of their original size. We observe varying extents (10-40%) 

of shrinkage of the PILBr particles when exposed to different anions (BF4
-
, PF6

-
, ClO4

-
, etc) indicating the control 

over the water content of the microgels. Hence, PIL microgel sizes can be manipulated in the hydrated state by 

creating a particular chemical environment by simply swapping anions. Such anion exchange can not only change 

the particle size, but can also impart new functionalities to the particles through a suitable choice of task-specific 

anion. The availability of monodisperse populations of PIL microgel particles is essential to track and quantitatively 

gauge the affect of anion and the environment on the size and chemistry of such particles. Facile exchange of larger 

anions with the parent bromide in the synthesized PIL microgels has helped us to employ these microgels as special 

tools for wastewater treatment and purification. The as-synthesized PIL microgels are capable of reaching 74mg/g 

adsorption capacity in Cromium (VI) removal (in the form of dichromate) from wastewater.      

                                    

  

Figure 1: Schematics illustrating microfluidic methods to generate poly (ionic liquid) microgels employing a) co-

flow (needle-in-tube through T-junction) b) flow-focused (cross-junction) break-up mechanisms, inset images show 

the stereomicroscope images of droplets. (c, d) streomicroscope images of PIL microgels showing their 

monodispersity and transparency. (e) FESEM and (f, g) stereomicroscope (under UV irradiation) images of PIL 

microgels. 

 

We also demonstrate an analytical application of such particles in reversible pH sensing, showcasing their ability 

to selectively entrap and retain probe molecules with little or no leaching. pH-Indicator (Thymol blue)-doped PILs 

colorimetrically respond to the pH of the surrounding medium in a reversible manner (Fig. 2(d-f)). When the 

indicator-doped microgels are exposed to acidic environment, the yellow color of the microgels changes rapidly to 

orange-red. The same beads can revert back to their neutral color in pure water or blue in an alkaline solution. A 

single set of beads can be repeatedly exposed to varying pH conditions (acid/neutral/base) and can colorimatically 

respond to the surrounding pH changes without loss of performance.  Such robustly reversible feature of pH sensing 

using PIL microgels opens up the way for the applications of such microgels as smart pH-monitors in environments 

where pH fluctuates. Apart from pH sensing, these ionic liquid-based particles can be doped with a wide range of 
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probe molecules, catalysts and enzymes (either by physical adsorption or ion-exchange) and can potentially enable 

high throughput, non-interfering, analysis of multiple analytes.  

 

 

Figure 2: FESEM images showing a) PIL microgel containing bromide anion and b,c) corresponding surface 

structures with higher resolution showing nanoscale texturing. d-f) stereoomicroscope images demonstrating 

colorimetric response of PIL microgels containing pH indicator in basic (pH 14), neutral (pH 7) and acidic (pH 0.2) 

aqueous environments; respectively.  

CONCLUSION 

In conclusion, we demonstrate simple microfluidic methods to produce ionic liquid-based spherical microgels in 

a highly monodisperse, robust and scalable manner. These microgels have much potential for the creation of unique 

advanced functional materials, by incorporation of ionic liquid in their macromolecular structure. The ability to 

switch the constituent ions of PIL microgels helps us to tune the physical and chemical features of such microgels, 

thereby enabling applications in chemical separations and sensing.  
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INTEGRAGION OF ULTRA-SENSITIVE ON-CHIP ELECTRIC CIRCUIT 
FOR NON-FARADAIC ELECTRIC CURRENT BASED FLOW SENSING 

Yuya Matsuoka1, Takatoki Yamamoto1 
1Tokyo Institute of Technology, Japan 

 
ABSTRACT 
    We designed and developed an ultrasensitive and low-noise on-chip electrical measurement circuit, which was 
directly soldered on a microfluidic chip. The advantage of the on-chip format is not only in integration of electrical 
measurement unit to close to micro total analysis systems, but also suitable to minimize the electrical wiring to 
minimize external noise for ultrasensitive measurement. The performance of the on-chip circuit was experimentally 
demonstrated by sensing flow velocity of various liquids in microchannel. As a result, it was successfully obtained 
nearly liner relation between flow velocity of isopropyl alcohol, ethanol, and KCl solution.  
     
KEYWORDS 
microfluidics, flow sensing, on-chip circuit, integration, ultra-low current  

 
INTRODUCTION 

One of the most important issues on !TAS (Micro Total Analysis Systems) concept is addressed to the 
integration of all the required components into a single chip to realize fully portable system.[1-3] This issue however 
has been left unsolved behind the discovery of novel scientific phenomena or development of cutting-edge micro 
technology obtained in !TAS devices. However the integration of all required components are an important issue 
from the engineering aspect of !TAS. Thus, we developed an on-chip ultra-sensitive electric current (or resistance) 
measurement circuit, and experimentally demonstrated by sensing flow velocity of various liquids in microchannel. 
The important point on the on-chip electric circuit is not just a matter of instrumentation. On-chip circuit is possible 
to minimize electric wiring, which reflects in minimizing both internal and external noise. The low noise circuit 
means that it requires no additional filter and any additional inductor or capacitor to stabilize the circuit from 
instability caused by parasitic impedance. Such advantages lead to high signal-to-noise ratio, further miniaturization, 
and suppress power consumption, all of which them is preferable for !TAS concept. 

 From the point of electrochemistry, ultra-sensitive electrical measurement can realize the measurement of 
non-faradaic current without electrolysis of electrode in solution, because very low voltage of less than the standard 
electric potential (typically less than 1 V) will be enough to probe a solution by electric current. The absence of a 
faradaic current and subsequent non-faradaic behavior is advantageous since a multitude of other materials caused 
by faradaic reactions interferes electric responses. By using such advantages, we experimentally demonstrated the 
detection of electric current change caused by the change of flow velocity in microchannel. There has been reported 
many types of sensing methods based on heat transfer, drug force, differential pressure, electric resistance and 
capacitance, etc.[4-8] Our method will be categorized in electrical method, but it quite a small but will is different 
from conventional electrochemical measurementin term of non-faradaic current measurement. In the case of 
non-faradaic current measurement, the carrier of ions will be consumed within a short period if there is no flow 
condition. However the carrier ions will be continuously supplied if there is any flow. Therefore, the consumption of 
carrier ions per a certain period will be refracted as non-faradaic electrical current, which is quite small but would be 
detected by ultrasensitive measurement. 

 

 
Figure 1. Schematic image and photo of microfluidic device embedded with the on-chip ultrasensitive electric 
current measurement circuit. The chip size is 32 !32 mm engaged by 15 mm !15 mm electric circuit area. The 
channel width and height are both 20µm, the electrodes width and the electrode gap are both 20µm. 
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EXPERIMENT 
The microfluidic chip consists of two functional sub-chips as shown in Figure 1. The one is a glass-made circuit 

chip, on which a couple of measurement electrodes and a current measurement circuit are fabricated. The circuit 
pattern was fabricated by typical photolithography and consists of 100 nm Au and 3nm Ti adhesion layers. All 
electric parts were soldered by hand. The other one is a PDMS-made microchannel chip having a microchannel 
inside.[9] 

The design of measurement circuit is based on a transimpedance amplifier. Because the on-chip circuit is 
intrinsically low noise and LMP7721 operational amplifier (National Semiconductor) wastes only a few femto 
ampere as input bias current, we successfully obtained ultra-sensitivity of 20 fA with good linearity from tens fA to 
tens pA without any additional circuit and an enclosed shield box. We used a syringe pump (KDS210, KD 
Scientific) to control the flow rate precisely. We tested two types of liquids. One is water solutions of deionized 
water and KCl solution with various concentrations. The other is organic solvent of isopropyl alcohol (IPA), ethanol, 
and fluorinert (FC-43, 3M). 

 
RESULTS 

Figure 2 shows the typical electric current response with respect to the stepwise velocity changes of isopropyl 
alcohol. As shown in the figure, the response time of electric current against flow rate is about a few seconds. The 
periodical noise is due to the stability of the pump system. This graph apparently shows that the electric current is 
well correspond to the velocity of liquid flow. 

Figure 3 shows the relation between flow velocity of various liquids and the measured electric current. The 
non-conductive liquid of fluorinert induces almost no current change, because it is probably due to no carrier of 
cation and anion in the liquid. On the other hand, ionic solution and organic solvent show electric current change as 
shown in the figure. KCl solution shows nearly linear electric current change on flow velocity in the measured flow 
velocity range. The KCl concentration dependency on electric current is not apparent from 0 M (pure water) to 1 µM. 
Table 1 summarizes the result of the sensitivity of flow velocity in tested liquids. The sensitivity is better with the 
conductivity is lower in KCl solution. It means that the electric current is inversely proportional to the carrier density. 
We have no answer to explain this trend at the moment. There is a possibility that the streaming current and potential 
caused by the presence of electric double layer on the surface might affect the measured electric current. Ion density 
change induces the change in the thickness electric double layer, so that the amount of counter ion may be changed, 
which affects to the measured electric current. We are now investigating the mechanism behind the electric current 
measurement on flow velocity change in our experimental system. In contrast, organic solvents of IPA and ethanol 
shows higher current than ionic solution of KCl. It might reflect lower ion density leads higher current. The other 
possible reasons can be caused by the impurity of IPA and ethanol. Both of them used in the experiment were the 
high purity analytical grade, however it is hard to remove water or other impurity from such a polar solvents 
completely. Other reason may be caused by generation of peroxide, aldehyde, ketone, etc. It is known that IPA 
generates peroxide by the reaction with atmospheric oxygen, so that peroxide ions may be a possible candidate as a 
carrier. By a recent study, a couple of Pt / Au catalytic reaction can effectively generate aldehyde and ketone from 
alcohols [10]. The presence of Pt in the PDMS chip as a catalyst of PDMS and Au electrode might induce the same 
catalytic reaction by applying electric field for measurement. As described above, there are several possibility why 
the organic solvents showed relatively high electric current rather than KCl solution.  

Even though the mechanism still remains unclear, it was succeed to measure the flow velocity of water solution 
and organic solvent from 0 mm/s to 125 mm/s except for fluorinert. 

 
 

 
 

Figure 2. Time response of electric current with respect to flow velocity in the microfluidic device. 
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(a) Water solutions                                     (b) Organic solutions 

 
Figure 3. The relation between electric current and flow velocity of liquids. 

 
 

Table.1 Electric Current – Mean Flow Velocity Slope (fA!s/mm) calculated by least-squares method 
 

FC-43 IPA Ethanol DI-water 100nM KCl 1µM KCl 10µM KCl 
-0.0934 -17.3 -9.11 -4.99 -4.18 -2.62 -1.68 

 
 

CONCLUSION  
We have successfully developed a simple but ultra-sensitive on-chip electric current measurement circuit, which 

was directly embedded on a microfluidic chip. The performance of the on-chip circuit was experimentally 
demonstrated by sensing flow velocity of various liquids in microchannel. There remains the mechanism of the 
relation between electric current and flow velocity, however we have found that flow velocity dependent electrical 
current change was occurred in fA regime at the concentration from 0 M (ultra-pure water) to 10 !M KCl solution 
and organic solvant. We will investigate higher concentration regime, which may help to reveal the detailed 
mechanism of the relation of flow velocity and electric current. Our on-chip circuit will be universally used for not 
only an electric current sensing, but also many possible applications in high sensitive photo sensing, pH sensing, 
electrochemical sensing, etc. 
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READY STEADY (BUBBLE) FLOW! PREDICTIVE CONTROL OF 
MIXING, MASS TRANSFER AND RESIDENCE TIMES IN    

SEGMENTED FLOW  
Milad Abolhasani, Eugenia Kumacheva and Axel Günther 

University of Toronto, Canada 
 
ABSTRACT 
    Utilizing the benefits of microfluidic segmented flow systems, e.g., enhanced mixing, mass transfer and 
reduced axial sample dispersion, usually requires specialist knowledge and accommodating a few experimental 
difficulties. The currently microfluidic segmented flow experimental setups often require more than 10 min for flow 
stabilization. Moreover, In order to maintain or adjust the desired residence time or mixing behaviour, repeated 
manual incremental adjustments of experimental conditions may be required. Here we report an image-based 
feedback strategy that overcomes the aforementioned challenges and allows gas-liquid and liquid-liquid segmented 
flows to be rapidly and precisely achieved without a need for the manual control of experimental conditions. We 
demonstrate how the proposed image-based cruise control method can routinely and consistently establish 
segmented flows. As a result, the key flow parameters such as mixing, mass transfer and residence times can be 
directly imposed rather than manually adjusted. 
 
KEYWORDS 
Segmented flow, cruise control, image-based feedback, mass transfer, automated microfluidic platform.  

 
INTRODUCTION 

The flow of uniformly long gas bubbles through microchannels (segmented flow) has become popular due to the 
shortened mixing and mass transfer times and the reduced axial dispersion. Two challenges however limit its 
widespread use by non-specialist users: (a) the long times required to obtain stable flow conditions and (b) the dynamic 
and its non-linear nature [1, 2] that makes it difficult to exert direct control over flow parameters such as the gas bubble 
length, LB, liquid slug length, LS, and gas bubble velocity, UB (Fig. 1). The main experimental challenge is applied by 
the lack of directly adjusting the desired mixing and residence times in segmented flow microfluidic systems. The 
corresponding segmented flow parameters, that are the liquid volume and bubble velocity, dynamically adjust in 
response to the selected experimental conditions that are liquid flowrate, QL, and gas inlet pressure, PG. Moreover, as 
many applications involve dynamic changes in the composition of the gas or liquid, those therefore might change the 
fluid viscosity and surface tension, segmented flow parameters can be expected to be affected. Different correlations 
that are largely limited to one experimental setup and gas-liquid pair were proposed to predict these parameters [2, 3].  

Here, we demonstrate a robust strategy that (a) practically removes unwanted stabilization times and (b) provides 
direct control over LB, LS, and UB and therefore the mixing, mass transfer and residence times for the given 
microchannel dimensions. Figure 1b compares the required time to establish a stable gas-liquid segmented flow for 
different gas delivery methods, and demonstrates our strategy reduces the experimental time 20-30 folds as compared 
to present manual approaches. 

 
Figure 1 (a) Schematic of segmented flow systems. Mixing time inside the liquid slugs and the residence time can be adjusted 

by controlling UB. (b) Comparison of the process time for different gas delivery methods in a segmented flow system. Blue: 
manual pressure regulator and mass flow controllers, red: syringe pump, black: this study-automated digital pressure regulator. 
(c) Image-based sample data feedback strategy using a modified discrete time integral controller is illustrated. The initial 
segmented flow parameters are highlighted within the inset micrograph. 
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The proposed strategy is independent of the experimental setup, microfluidic device substrate (e.g. polydimethyl 

–siloxane, Silicon, PMMA, glass or thermoplastics), microfluidic device design (T-junction, Y-junction or flow 

focusing geometries), fluid type, temperature or pressure and presence of surfactants in the liquid. The  

convergence time required to reach the desired segmented flow parameter to the target value defined by the user 

varies between 1 to 5 min. 

 

EXPERIMENTAL 

Our automated microfluidic (MF) platform employs an image-based sample data feedback strategy that consists 

of a modified discrete time integral controller (Fig.1c) to control LB0, LS0 and UB0 (subscript “0” indicates the initial 

condition after T-junction) in a gas-liquid segmented flow system. Figure 2 shows the schematic of the experimental 

setup that includes a silicon-based microfluidic device, an automated syringe pump, an automated digital pressure 

regulator and a CMOS based high speed camera. The silicon-based microfluidic device (pressure drop sections: 

75m wide by 75m deep, 60 cm long and multiphase section: 300m wide by 300m deep, 85 cm long) was 

fabricated using shadow mask lithography, front and back side DRIE and a wafer level anodic bonding to a 

Borofloat 33 glass wafer. A custom developed Matlab-based image processing code using Canny edge detection 

method was developed to analyze the acquired segmented flow images and measure the desired segmented flow 

parameters. The image-based feedback strategy uses a real-time image processing technique to converge the selected 

segmented flow parameter to the defined value, and no initial screening is needed. 

 

   Figure 2 Schematic of the experimental setup including an automated syringe pump, a digital pressure regulator and a high 

speed CMOS camera. Scale bar is 5 mm. 

 

RESULTS 

The proposed cruise control strategy was utilized to converge the initial segmented flow parameters to the desired 

values defined by the user. Figure 3 shows the convergence plots using the image-based feedback algorithm, to 

maintain the initial segmented flow parameters for a syringe pump driven gas-liquid segmented flow system.  
 

 
 

Figure 3 Convergence plots for the syringe pump driven system. (a) Initial bubble length evolution while converging to the 

target value LB0/w=10±0.5. Initial QL=25 l/min, PG=1.0 psig, time delay=40 s, QL increments=3l. (b) Initial bubble length 

evolution while converging to the target value LB0/w=9.8±0.2. QL=25 l/min, Initial PG=1.0 psig, time delay=5 s, PG 

increments=0.05 psig. (c) Initial liquid slug length evolution while converging to the target value LS0/w=2.9±0.1. Initial QL=25 

l/min, PG=1.0 psig, time delay=75 s, QL increments=3l. (d) Initial liquid slug length evolution while converging to the target 

value Ls0/w=2.8±0.05. QL=25 l/min, Initial PG=1.2 psig, time delay=10 s, PG increments=0.05 psig. (e) Initial bubble velocity 

evolution while converging to the target value UB0=27±0.5. QL=15 l/min, Initial PG=1.0 psig, time delay=15 s, PG 

increments=0.05 psig. Working fluids are nitrogen and ethanol. 
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Figures 3a, c, and e illustrate the inlet gas pressure, PG, constant cases and Figs. 3b and d are the liquid flowrate, QL, 

constant cases. As shown in Fig.3a, even if the measured value overshoots the target value ± threshold value, the 

feedback algorithm will adjust the experimental conditions to bring the desired segmented flow parameter back to the 

target value. The proposed system can also be used for the case that liquid is driven by pressure head from a local 

reservoir close to the microfluidic device. 

In a case study, the effect of UB0 on the mass transfer time, (KLa)-1, where KLa is the volumetric gas-liquid mass 

transfer coefficient, was studied for a highly soluble gas-liquid pair, CO2 and dimethyl carbonate (DMC) (Fig.4). The 

image-based cruise control strategy was used to maintain LB0 constant while increasing UB0, and thereby increasing the 

capillary number. Figure 4a shows carbon dioxide bubble lengths evolutions in the flow direction at a constant 

temperature (T= 298 K). Between 3 to 5 min were required for the image-based feedback algorithm to converge to the 

defined LB0. The volumetric mass transfer coefficient of CO2-DMC was measured as described previously [4].  

Figure 4b shows the measured mass transfer times for a one order of magnitude change in UB0. The decrease in the 

measured (KLa)-1 values with the increase of UB0 is attributed to the enhanced recirculation inside liquid slugs. 
 

 
   Figure 4 (a) Carbon dioxide bubble length evolution in the silicon based microfluidic device for the same LB0 

while changing the UB0. (b) Measured mass transfer times (KLa)-1 for CO2-DMC over a one order of magnitude 

change of UB0 for the same LB0. The initial bubble length used for all the experiments was LB0/w=8.5±0.1. 
 

The presented modified discrete time integral controller of the image-based feedback strategy can also be 

implemented into a liquid-liquid segmented flow system with different droplet breakup geometries such as T, Y and 

K-junctions and flow focusing. Dispersed phase plug length, continuous phase slug length and dispersed phase plug 

velocity can be adjusted using the automated cruise control strategy. In addition, using a single camera, multiple 

parallel segmented flow lines (gas-liquid or liquid-liquid) can be controlled simultaneously in a scaled-up integrated 

microfluidic system. 

 

CONCLUSIONS 

A cruise control strategy for gas-liquid and liquid-liquid segmented flows using a sample data image-based 

feedback algorithm was demonstrated. A real-time Matlab-based image-processing code in combination with an 

automated digital pressure regulator and an automated syringe pump were employed to control the desired 

segmented flow parameters in a gas impermeable (silicon) microfluidic device. The image-based feedback approach 

can also be extended to a head pressure-driven based flow and liquid-liquid segmented flows. As a case study the 

effect of initial plug velocity on the CO2-DMC mass transfer time was studied for a fixed initial CO2 plug length. As 

it was expected, increasing the mixing strength inside the liquid slugs (i.e. increasing the stirring speed inside the 

liquid slugs) decreased the total mass transfer time of the CO2 molecules from the gas bubbles into the DMC slugs. 

We expect the proposed cruise control strategy will enable plug’n play operation of gas-liquid and liquid-liquid 

segmented flow microfluidic systems in different applications that include flow chemistry, in-flow analysis and 

screening, and material synthesis.  
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ABSTRACT 

We demonstrate the use of microfluidic modules for purification of the Positron Emission Tomography (PET)  
radiotracer, 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG), as part of an integrated microfluidic Radiochemistry-On-Chip 
(ROC) platform for complete radiotracer synthesis. Two different modules were applied to the purification of [18F]FDG 
as synthesized by a commercial system and by initial tests of the ROC platform itself. 
 
KEYWORDS 
[18F]FDG, Positron Emission Tomography (PET), purification, radiochemistry, solid-phase extraction (SPE). 

 
INTRODUCTION 

Positron Emission Tomography (PET) is a molecular imaging technique involving the injection into a patient and sub-
sequent monitoring of a radioisotope (e.g. [18F]fluoride) labeled drug molecule (radiotracer), and is employed as a diag-
nostic tool in oncology, cardiology, and the neurosciences. Although many different radiotracers are available, the most 
common is glucose labeled with [18F]fluoride: 2-deoxy-2-[18F]fluoro-D-glucose, better known as [18F]FDG. [18F]FDG, as 
well as other radiotracers, is manufactured via the use of automated synthesizers housed within heavily shielded and bulky 
“hot cells”. Due to the half-life of the radioisotope and the limited quantities produced by a cyclotron prior to radiotracer 
manufacture, each step of the synthesis must be carried out rapidly and with  high efficiency. In recent years, micro-
fluidic devices have shown great promise in the synthesis of PET radiotracers thanks to rapid synthesis times and minimal 
shielding requirements [1-3]. However, most reported devices focus only on the synthesis step of the procedure or, to a 
lesser extent, the radioisotope pre-concentration step prior to the synthesis, neglecting other key processes in the produc-
tion that could equally benefit from miniaturization. In particular, on-chip purification of the final radiotracers has not 
been explored, instead being achieved off-line via conventional solid-phase extraction (SPE) cartridges with large dead 
volumes. As part of a European Union FP7 project and in collaboration with Siemens, we have been developing a “Radio 
chemistry-On-Chip” (ROC) platform that incorporates all aspects of the synthetic procedure into a modular microfluidic 
platform. Previously, we presented a module for the pre-concentration of [18F]fluoride from irradiated water for subse-
quent radiotracer synthesis [4,5]. Here, we extend this technique further and demonstrate microfluidic modules for the pu-
rification of [18F]FDG, synthesized by (i) a commercial Advion NanoTek system utilizing a capillary-based microreactor, 
and (ii) initial tests of the ROC platform itself. 

 
 

Figure 1: (a) Schematic of the chip design, consisting of a bottom plate etched to a depth of 250 m, and a top plate 
etched to 50 m. When bonded, they formed a 300 m deep chamber with a shallow triangular section acting as a dam 

to trap particles. (b) Single module containing all four SPE particle types required for [18F]FDG purification. Each 
chamber was filled with two of the resins, and the outlet of the upper chamber was routed into the inlet of the lower 

chamber. (c) Train of purification modules, with each chamber containing only one type of particle, thereby doubling the 
trapping capacity compared to the single module. The outlet of each module was connected to the inlet of the next, al-

lowing solutions to pass through each chamber consecutively. 
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EXPERIMENTAL 

Purification modules: The microfluidic purification modules were fabricated from glass using conventional photolitho 

graphy and wet etching techniques. The chips featured a 300 m deep chamber (30 mm long and 4.7 mm wide), with a  

50 m deep triangular section at one end forming a dam with which to trap SPE particles (Fig. 1a). Each chip featured 

two separate chambers. A 1.5 mm diameter access hole allowed the introduction of particles and solutions, whilst a 400 

m diameter hole in the triangular section acted as an outlet. SPE particles were then packed into the chambers, and tub-

ing was glued into the inlet and outlet holes. SPE particles were obtained from ABX (Germany) and consisted of four 

types: cation exchange (PS-H
+
), anion exchange (PS-HCO3), normal phase (ALOX N, alumina), and reversed phase 

(HR-P). Using these, two types of purification module systems were prepared: a single module, and a train of modules. 

The single module consisted of one chip and utilized both chambers present. The chambers were each filled with two 

types of SPE particle, in the same order as found in the standard cartridges, with the outlet from the first chamber con-

nected to the inlet of the second chamber such that solutions could pass consecutively through each SPE particle bed (Fig. 

1b). The train of modules consisted of four chips, each containing a chamber filled with only one type of resin, and which 

were connected end-on-end so that solutions flowed from one chip to the next, passing through all four particle beds (Fig. 

1c). This train configuration essentially featured twice the amount of SPE particles as the single module. Fig. 1c shows 

how both chambers on each chip were filled with particles, but only one chamber was used per experiment. 

Synthesis of [
18

F]FDG: [
18

F]FDG was prepared via the use of two different synthesis systems: (i) a commercial Ad-

vion NanoTek instrument, and (ii) initial tests of the ROC platform. In both cases, the same procedure was applied: 

[
18

F]fluoride was pre-concentrated from [
18

O]-water using anion exchange particles, before being eluted in a solution of 

Kryptofix 2.2.2/potassium carbonate in acetonitrile. Mannose triflate in acetonitrile was introduced and reacted with the 

[
18

F]fluoride to form acetylated-[
18

F]FDG (ACY-FDG), before being base hydrolysed with sodium hydroxide to produce 

crude [
18

F]FDG. 

Purification of [
18

F]FDG: The crude [
18

F]FDG synthesized via the NanoTek system was pumped through the single 

purification module in 1 mL aliquots, and the collected solutions were analysed by radio-TLC (thin layer chromatog-

raphy). The same procedure was repeated for the train of modules, with crude [
18

F]FDG also being analysed for compari-

son. [
18

F]FDG synthesized by the ROC platform was pumped only through the train of modules in 1 mL aliquots and 

again analysed by radio-TLC, with three readings of crude product used for comparison. 

  

RESULTS AND DISCUSSION 

Purification of [
18

F]FDG from NanoTek system: The radio-TLC plates from before and after the purification modules 

are shown in Fig. 2. The unpurified product collected from the NanoTek system showed high levels of [
18

F]FDG (47 %) 

had been produced, but large signals were also observed for unreacted [
18

F]fluoride (
18

F
-
) (25 %) and for partially reacted 

acetylated-[
18

F]FDG (ACY-FDG) (27 %). When 1 mL aliquots were pumped through the single module, the first 3 mL 

exhibited very low levels of [
18

F]fluoride and ACY-FDG, while the [
18

F]FDG was present with 91 ± 2 % radioactive puri-

ty. However, as more product was pumped through the chip, the [
18

F]fluoride levels increased significantly, reducing the 

purity of [
18

F]FDG, while the ACY-FDG levels remained relatively steady. The sudden increase in [
18

F]fluoride levels in-

dicated that the ALOX N normal phase particles had become saturated, and so were unable to remove any further  

[
18

F]fluoride from the crude product solution. Pumping the crude product through the train of modules showed similar re-

sults to the first 3 mL that had passed through the single module, with high levels of [
18

F]FDG but very little [
18

F]fluoride 

and ACY-FDG. However, with twice as much SPE material in the train of modules, more than 5 mL of crude product 

could be purified to give [
18

F]FDG levels of 90 ± 1 %, with very little ACY-FDG and [
18

F]fluoride, though ACY-FDG 

levels were starting to increase slightly. These results demonstrate the potential for on-chip SPE-based purification of ra-

diotracers, in this case [
18

F]FDG, as a better means of handling the volumes of product produced by microreactor systems 

than by employing conventional cartridges. It should also be noted that the purity of [
18

F]FDG was particularly limited by 

the presence of ACY-FDG (8 ± 1 %), which was due to a high content of acetonitrile present in the final product solution 

as a result of the production method used. This acetonitrile would have continuously eluted the ACY-FDG from the HR-P 

reversed phase resin, allowing ACY-FDG to remain in the product solution. In future, the excess acetonitrile could be re-

moved by the addition of a solvent exchange step during the synthesis, which would significantly reduce the ACY-FDG 

present in the final solution and thereby increase the [
18

F]FDG levels. 

Purification of [
18

F]FDG from ROC platform: A train of modules was utilized for the purification of [
18

F]FDG syn-

thesized in initial tests of the ROC platform, and Fig. 3 shows radio-TLC plates of product solution before and after being 

passed through the modules. The results of the unpurified product show successful [
18

F]FDG synthesis was achieved via 

the newly developed platform, but also showed high proportions of [
18

F]fluoride and ACY-FDG, yielding [
18

F]FDG lev-

els of 53 ± 15 %. The three aliquots of product solution that had been passed through the train of modules, however, show 

[
18

F]FDG purity levels of 86 ± 3 % were achieved, with ACY-FDG levels of 14 ± 3 %, while [
18

F]fluoride was complete-

ly removed from the solution. This again demonstrates the potential of the train of modules for performing the purification 

of radiotracers, though as before the [
18

F]FDG purity could be increased further by the addition of a solvent exchange step 

to the synthesis procedure. Further optimization would also be required to ensure that the quantity of SPE particles is suf-

ficient for the amount of radiotracer to be processed within a microreactor system, in order to avoid saturation as ob-

served for the single purification module. 
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CONCLUSION 

We have demonstrated the on-chip purification of PET radiotracers via the use of microfluidic modules, in particular 

the purification of [
18

F]FDG synthesized via a commercial system and the ROC platform. Despite being preliminary trials, 

the modules already approach the levels of purity needed for [
18

F]FDG to pass QC tests, and with further optimization 

will be able to fulfill these requirements. These initial results show great promise for the purification of a range of radio-

tracers utilizing similar SPE techniques, but in which the same particle types are employed in different amounts and in 

different orders. 
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Figure 2: Radio-TLC plates of [
18

F]FDG produced via a 

commercial Advion NanoTek system. The unpurified product 

(on the left) shows high levels of [
18

F]fluoride (
18

F
-
) and ACY-

FDG impurities. A single purification module was able to puri-

fy <4 mL before fluoride started to breakthrough, while ACY-

FDG removal remained high. A train of modules was able to 

purify >5 mL of solution with an [
18

F]FDG purity of 90 %. 

Figure 3: Radio-TLC plates of [
18

F]FDG synthe-

sized during first tests of the ROC platform. The 

product mixture before purification (left) showed 

high levels of [
18

F]FDG were being produced, but 
18

F
-
 and ACY-FDG levels were also high. After be-

ing passed through a train of purification modules 

(right), the [
18

F]FDG purity was 86 %, with fluo-

ride completely removed and only relatively small 

amounts of ACY-FDG present. 
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PRESSURE TOLERANT MULTILAYERED POLYMER FILM 
MICROFLUIDICS BY ONE-STEP BONDING PROCESS FOR HIGH 

THROUGHPUT EMULSION GENERATION
Kyoung-Ik Min1, Dong-Pyo Kim1

1Pohang University of Science and Technology, Korea

ABSTRACT
We present a simple method for fabrication of a pressure tolerant multilayered 3D polyimide film microfluidic 

device for generating a high throughput oil-in-water emulsion. The device fabricated can withstand pressure up to 
approximately 70 bars and temperature up to 200 oC, and polyimide is inert to solvents and solutions, not causing 
problems such as swelling as with PDMS. The triple-layered microchannels fabricated by one-step bonding process 
of patterned and assembled thin films are demonstrated to produce monodisperse n-hexane droplets upto a 
generation rate of 200 kHz. Moreover, highly uniform PLGA micro- and nanoparticles were obtained using 3D flow 
focusing device without channel clogging.

KEYWORDS
Droplet, polyimide film, three dimension, high pressure, multilayer

INTRODUCTION
In microsystem technology, the development of cost effective and efficient fabrication technique is important to 

make the devices readily available for various commercial and disciplinary applications.[1] In particular, 
droplet-based microfluidics is very useful because it enables continuous synthesis of monodisperse microcapsules in 
one step for applications in the areas of drug delivery, synthesis of biomolecules, and diagnostic testing.[2] In the 2D 
planar microfluidic devices for the preparation of monodisperse droplets often caused clogging within channel and 
fouling of the reactant along the channel walls. Although it has been shown that 3D fluidic geometries can overcome 
the fouling problems, multilayered polymer devices require laborious step-wise fabrication and suffer the instability 
with common organic solvents. [3, 4] Particularly, low elastic modulus of PDMS limits the working flow rates to low. 
Therefore, there is a strong demand for developing a simple technique for fabrication of pressure tolerant 3D 
microfluidic device which enables oil-in-water emulsion at high flow rate with durability.

EXPERIMENT
Figure 1-a illustrates fabrication of the proposed 3D polyimide microfluidic device for generating microdroplets.

Typically, two pieces of polyimide films each 125 μm thick (Kapton HN film, Dupont, USA) as top and bottom 
layers were ablated by UV laser (355 nm, ESI, USA) to form Y-shaped microchannel (200 μm wide and 60 μm deep) 
with in/outlet holes (1 mm diameter). A 25 μm thick adhesive polyimide film (Kapton EKJ film, Dupont, USA) that 
is gluey on both sides as an internal layer were punched using laser to form Ψ-shaped open-channel (60 μm wide for 
inner channel and 200 μm wide for main channel) with a through-hole (1 mm diameter). The 4-corners of each film
were holed (1 mm diameter) to align the film patterns. For the proposed triple-layer 3D microfluidic device, the 
internal layer film (25 μm thick) with open channel was sandwiched between two pieces of the ablated 125 μm thick 
polyimide films by inserting metal pins through the holes at the film corners to be aligned. Finally the 
polyimide-based microchannel were bonded by pressing a set of the stacked films between two glass slides at 300 °C 
under a pressure of 10 kPa for at least 1 hr. The simple alignment and thermal bonding step allows multilayer 
stacking process.

Figure 1. Schemes for triple-layered 3D microfluidic device.

To evaluate a bonding strength of the sealed microchannel, the triple-layered microfluidic device was 
increasingly pressurized by pumping water using HPLC pump into the inlet. The triple-layered microfluidic device 
with open outlet could endure the pressure even at a continuous flow rate 10 mL/min for 10 min with no 
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delamination. Particularly, when the device with closed outlet was subjected at pumping rate 10 mL/min, excellent 
pressure resistance of the sealed microchannel was also demonstrated by rendering the burst pressure of 1000 psi 
(~70 bar). It is worth noting that the striking pressure endurance up to ~70 bar of the polymer-based device is useful 
for high pressure involving applications that was required to use metal- or glass-based devices.

Figure 2. Actual pressure tolerance test of triple-layered polyimide film microfluidic device measured by HPLC 
pump. Burst pressure by pumping water at 10 mL/min into one-end open microchannel (closed outlet)

Wettability of the channel wall is important for reliable generation of water-in-oil or oil-in-water emulsions by 
3D focusing flow method. Water-in-oil droplets require hydrophobic surface property as in PDMS microfluidics, 
while oil-in-water emulsions require hydrophilic channels as in glass microfluidics. The original polyimide film has 
a water contact angle of 70º, but repeated laser ablations led to a rough surface of undulations of a few tenth of 
micrometer, which lowered the contact angle to 50º. It is interpreted that the photochemical oxidation with UV 
irradiation produced hydrophilic groups on the polyimide surface such as –OH and –COOH. Therefore, the 
hydrophilic polyimide channel is suitable for producing stable oil-in-water emulsions. To evaluate the capability of 
the 3D flow focusing microfluidic device as a high throughput emulsion generator, a triple-layered microfluidic 
device was used to prepare hexane-in-water emulsion and PLGA particles. When the flow rate of hexane as a 
dispersion phase was controlled at 500 μL/min through the inner channel, and the water as a continuous phase at 4 
mL/min through the two inlets, highly monodisperse hexane droplets with 43 μm diameter were efficiently produced 
without wetting problem at a high throughput generation frequency of 200 kHz. The pressure resistant polyimide 
film device is suitable for high throughput generation of homogeneous hexane droplets at high flow rates that were 
assembled into hexagonal close-packed layers. (Fig. 3-a) This throughput frequency is approximately 10 times 
higher in productivity than ~20 kHz of oil-in-water drop generation frequency using glass capillary. It is noted that 
no delamination of film microfluidic device was observed at the total flow rate of 4.5 mL/min in the main channel 
from junction to outlet.

Figure 3. a) Optical image of hexane drop in water with 2 wt% SDS (scale bar is 100 μm), SEM images of PLGA b)
micro and c) nanoparticles produced in the 3D flow focusing device.

A major advantage of this 3D flow focusing geometry is that all the droplets are created at the end of the inner 
channel, and the formed droplets pass along the main channel surrounded by continuous phase without contacting 
the channel surface, resulting in no clogging and fouling along the channel. In order to confirm no occurrence of 
surface fouling and clogging problem, PLGA microparticles were prepared by the triple-layered microfluidic device 
using 3% PLGA in dichloromethane as a dispersion phase and 1% PVA aqueous solution as a continuous phase. 
Figures 3-b show highly uniform PLGA microparticles 35 μm in diameter that were obtained when the flow rate of 
PLGA and PVA solution were 300 μL/min and 500 μL/min, respectively. Meanwhile, mostly 2D planar devices are 
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caused clogging of the channels during fabrication of nanoparticles from PLGA polymer solution, thus resulting in 
broad size distribution of particles. As shown figure 3-c, uniform PLGA nanoparticles were obtained by solvent 
extraction at the 1% PLGA in acetonitrile velocity of 300 μL/min and continuous phase velocity of 500 μL/min, 
respectively. It is noted that the film microfluidic device could be used due to 3D geometry without additional 
hydrodynamic flow. 

The fabricated devices are quite attractive because of its ability to withstand a pressure up to 70 bars, and 
inertness to any chemical unlike PDMS. This simple and economical fabrication technique significantly facilitates 
the mass production of multilayered film devices that opens for various microfluidic applications in the areas of 
chemistry as well as biology.  

 
REFERENCES 
[1] V. hessel, A. Renken, J. C. Schouten, J. Yoshida, Micro Process Engineering, Wiley-VCH, Weinheim, (2009) 
[2] S.-Y. Teh, R. Lin, L.-H. Hung, A. P. Lee, Droplet microfluidic, Lab Chip, 8, 198 (2008) 
[3] M. Rhee, P. M. Valencia, M. I. Rodriguez, R. Langer, O. C. Farokhzad, R. Karnik, Synthesis of Size-Tunable 
Polymeric Nanoparticles Enabled by 3D Hydrodynamic Flow Focusing in SingleLayer Micro channels, Adv. Mater., 
23, H79 (2011) 
[4] T. Gervais, J. El-Ali, A. Günther and K. F. Jensen, Flow-induced deformation of shallow microfluidic channels, 
Lab Chip, 6, 500 (2006) 
 
CONTACT 
Dong-Pyo Kim  82-54-279-2272 or dpkim@postech.ac.kr 

 1800



VIRTUALLY MONOLITHIC DEVICE FOR DIFFUSIVE MASS TRANSFER 
ENABLING HIGH VOLUME FLOW 

Tina Rieper1*, Claas Mueller1, Bettina Wehrstein2, Andreas N. Maurer2 and Holger Reinecke1 
1Laboratory for Process Technology, Department of Microsystems Engineering - IMTEK, 

University of Freiburg, Germany 
2Novalung GmbH, Heilbronn, Germany 

 
ABSTRACT 

This work presents a virtually monolithic fluidic device made of silicone rubber (PDMS) with 150 mm long micro 
channels enabling a high volume flow. The leakage-free device is fabricated by stacking numerous structured PDMS 
sheets whereby no distinguishable bonding interfaces occur. This is not realizable on large areas by commonly used 
oxygen plasma bonding. It enables diffusive mass transfer between two enclosed compartments and can be adjusted to 
high volume flow by increasing the amount of layers. 
 
KEYWORDS: silicone rubber, monolithic microfluidic device, PDMS bonding, high volume flow, diffusive mass 
transfer. 

 
INTRODUCTION 

Diffusive mass transfer via polymer membranes is used in application fields like gas and liquid separation or medical 
engineering. [1] For all those applications a high mass transfer and a high volume flow are necessary. The mass transfer 
efficiency can be increased by either reducing the diffusion length (membrane thickness and fluid height) or increasing 
the membrane area. Especially when it comes to medical devices and the use of blood as one fluid, large membrane areas 
are critical due to the restricted hemocompatibility of artificial surfaces. Therefore most devices are a compromise 
between mass transfer and volume throughput. This work overcomes this limitation by enabling mass transfer between 
two compartments with small heights, i.e. short diffusion length, while maintaining a high volume flow due to a high 
degree of parallelization. 

 
THEORY 

The aimed application for the device presented in this work is the diffusive mass transfer between whole blood and a 
second fluid, e.g. a ventilating gas. Therefore the device consists of two discrete compartments separated by a 
membrane. Both compartments are separately, fluidically connected. Thereby the inlet and outlet of each compartment 
are diametrically located. Here two distinctive structures for the two different compartments were designed which will 
be positioned above each other after the stacking. It is essential to avoid high shear rates and areas of zero flow within 
the blood guiding structure to increase the hemocompatibility.	 [2, 3]	Therefore straight channels with a small height 
(several tens of microns) were designed to combine the above mentioned requirements with a short diffusion length. One 
layer features 40 parallel micro channels. To minimize the losses in membrane area even if the sheets are slightly 
misaligned the structure for the second fluid was designed as an open area with pillars as spacers. The device is 
completely made of PDMS due to its high gas permittivity and the simple structuring possibility by casting a mold. 

 
EXPERIMENTAL 

The microfluidic device (see  Figure 1) is fabricated by stacking structured PDMS sheets which feature alternatingly 
either the micro channels or the open area with pillars. The leakage-free stack is achieved by a virtually monolithic bond 
between the sheets. There are several commonly used PDMS bonding techniques. [4] But most of them are not 
applicable in this case due to the large area of the sheets (168.2 cm2). Therefore a homogeneous layer of uncured PDMS 
is applied before stacking as an adhesive. 

 

 
Figure 1: Picture of the fabricated PDMS mass transfer device made of 21 structured sheets embedded between two 

2 mm thick PDMS base sheets. The inlet and outlet of each compartment are diametrically located  
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Figure 2: Schematic fabrication chain for a mass transfer device with two discrete compartments  

 
Figure 2 shows the schematic process chain of a virtually monolithic stack of alternating sheets. The PDMS sheets 

are manufactured by curing PDMS in a mold during processing in a hot embossing machine. The molds consist each of a 
brass plate featuring the negative structures either of the micro channels or of the pillars and a second flat brass plate. In 
between the two plates a steel handling frame is inserted which defines the membrane thickness (at least 50 µm) and 
eases the stacking process. The addition curing PDMS (ELASTOSIL® RT 601, Wacker GmbH, Germany) is prepared 
as advised by the data sheet. [5] The open mold is filled with PDMS and evacuated in a desiccator to remove entrapped 
air bubbles. For ease of demolding the PDMS is covered with a polymer foil. The curing of the PDMS within the closed 
mold is accelerated in the embossing chamber by an elevated temperature of 70°C while a force is applied to achieve a 
homogeneous membrane thickness. 

The stack is assembled on a handling plate which features pins for the alignment of the handling frames. First of all a 
2 mm thick PDMS base sheet is aligned on the handling plate. The bonding to and between the following, structured 
sheets is realized via an approximately 5 µm thick film of uncured PDMS, which is applied selectively on top of the 
elevated structures of each sheet by a PDMS coated roller. The sheets are aligned on the handling plate with their 
structured side down using their handling frames. The handling frames and the adhesion between cured and uncured 
PDMS allow a bubble-free stacking of the sheets. As final layer of the stack serves again a 2 mm thick PDMS base 
sheet. Therefore both PDMS base sheets securely embed the thin membranes. Subsequently the handling frames are 
removed and the bonding via the applied PDMS films is carried out in an oven process with a maximum temperature of 
130°C. After the bonding the interface between the sheets cannot be distinguished and thus a virtually monolithic device 
is realized (see Figure 3). The two compartments, defined by the set of sheets with the same structure, can be connected 
separately, since the distinctively structured sheets are chiral. The inlet and outlet regions need to be cut open with a 
blade for the fluidic connection. The developed connectors are also fabricated in PDMS and bonded to the stack in the 
same manner as the sheets among each other. 

 

 
Figure 3: Cross section through a fabricated mass transfer device made of sheets with alternating pillar and channel 
structures and a detail view thereof. The membranes have a mean thickness of 100 µm. There is no visible interface 

between the bonded layers 
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Figure 4: Picture of an aqueous solution of a pH indicator (Bromocresol purple) flowing through the micro channels of 

the virtually monolithic device. Carbon dioxide flows through the second compartment of the device and diffuses 
through the membrane into the pH indicator and changes the pH value there 

 
The mass transfer within the fabricated device was demonstrated by leading a volume flow of 50 ml/min aqueous 

solution of a ph indicator (Bromocresol purple) through the micro channels and carbon dioxide through the second 
structure (open area). Since the carbon dioxide diffuses through the membranes, the color of the pH indicator changes 
from purple to yellow corresponding to the decrease of the pH value (see Figure 4). 

 
RESULTS AND DISCUSSION 

The developed process chain was successfully used to realize a leakage free device by stacking 21 structured PDMS 
sheets. The device features two discrete compartments which can be connected separately by commonly used tube 
connectors. The bonding of the sheets via uncured layers of PDMS as adhesive is reliable for an sheet area of 168.2 cm2, 
although only 38.7% (open area) or respectively 55.3% (micro channels) of the sheet area contribute to the bonding as 
the uncured PDMS is selectively applied on the elevated structures. The two compartments have volumetric capacities of 
10.7 ml (open area) and 7.1 ml (micro channels). Depending on the volume flow within the compartments pressure drops 
of 145 mbar (50ml/min water flowing through the micro channels) occur. Hereby no damage or delamination of the 
bonded sheets appears. The PDMS membranes in between the layers of the two compartments are thin and flexible. 
Therefore the pressure drop in one compartment influences the fluidic characteristics of the other compartment by 
bending and stretching of the membrane in between. The pressure drop for a flow of 50 ml/min of water through the 
micro channel structures rises for example up to 172 mbar for a gas flow of 1.2 l/min through the second compartment 
and a mean membrane thickness of 100 µm. Furthermore a pulsatile flow in one compartment e.g. induced by a 
peristaltic pump is recognizable in the initially non-pulsatile flow through the other compartment. 
 
CONCLUSION 

The presented device was successfully used for mass transfer applications in a reduced scale. The possible volume 
flow through the device can be easily raised by increasing the amount of stacked layers. So far there is no limit for the 
amount of layers obvious, in case the sheets have homogeneous thicknesses. The homogeneity of the sheet thickness is 
important for a homogeneous bond over the whole area of the sheets. 

To decrease the influence of the pressure drop of one compartment on the fluidic characteristics of the other 
compartment more rigid membranes would be necessary. This could be realized by a reinforcement of the PDMS 
membranes, e.g. by fillers or by inserted gauzes. Hereby it is necessary to analyze the influence of the reinforcement on 
the gas permeability of the membranes. 
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ABSTRACT 
A label-free micromechanical, capacitive type, biosensor is presented and evaluated. The sensor is integrated 
together with a continuous flow µPCR on a common printed circuit board (PCB) platform. In this scheme, the sensor 
is placed into a cavity formed on the PCB to provide the hybridization chamber, while the μPCR channel is 

implemented in thin photo-patternable polyimide films to maintain biocompatibility, and lies directly on top of the 
microheaters formed on the PCB Cu layer to provide the three thermal zones necessary for PCR.  
 
KEYWORDS 
Lab-on-Chip, μPCR, capacitive biosensors, microfluidics, μTAS  

 
INTRODUCTION 

Surface stress based biosensors are of great interest, as they allow label-free sensing resulting in simplified 
sample preparation, small size and ability for parallelization into arrays for high throughput analysis [1-2]. However, 
for any biosensor implemented for successful DNA detection, it is necessary to multiply beforehand the DNA in the 
sample under examination, so as to bring the concentration within the limits of detection of the device. This task is 
routinely achieved using the polymerase chain reaction (PCR) in order to replicate DNA and is widely used in 
bio-analysis such as microbial detection and medical diagnosis. Recently, the development of miniaturized PCR 
(μPCR) devices has led to faster process and decreased cost for fabrication and use, while it promotes integration of 
such devices with biosensors into portable lab-on-a-chip (LoC) systems.   

In this work, we present a micromechanical 64 element capacitive biosensor array fabricated using an improved 
(over the one used in [3]) self-aligned process and which targets the detection of β-thalassemia mutations - a wide 
spread condition around the Mediterranean Sea. Each element of the array is an ultrathin round Si membrane on the 
surface of which receptor probes are immobilized and which is able to deflect upon binding events between the 
probes and target molecules in its vicinity. The sensor is integrated with the necessary µPCR in one solid, integrated 

platform implemented on a PCB. Use of a PCB as an integration platform allows for the implementation of both the 
microfluidic and electrical circuit necessary for sensor connections as well as of a continuous flow μPCR device on 

the same chip. The DNA-containing sample will enter the system and first go through the μPCR part, where the 

DNA will be multiplied. Next, the sample will be carried through microfluidic channels to the biosensors silicon chip, 
where the detection will take place.  

 
EXPERIMENT-RESULTS 

To fabricate the sensor array, direct bonding between a Si wafer holding the membranes and a substrate wafer is 
required. The process begins by first forming a 5000Å thick thermal SiO2 layer on the membrane wafer. Circular 
sensor cavities are then formed in the oxide using optical lithography and CHF3 anisotropic dry etching. Next, a 
boron ion implantation follows through the openings in the thick oxide. This step creates a highly boron doped 
region which subsequently forms the flexible membrane after wet etching. The whole procedure, effectively, aligns 
the sensor membrane placing it over the sensor cavity in which it is allowed to deflect. Next, the membrane wafer is 
bonded with the substrate wafer which has gone through phosphor implantation followed by thermal annealing to 
render it conductive and form the sensor fixed substrate electrode. The wafer stack is then grinded mechanically, 
from the membrane wafer side, down to about 50µm while the rest of the wafer is etched in EDP solution until the 
ultra-thin Si membranes are revealed. The process then goes on with Al metallization and low temperature oxide 
(LTO) to passivate the device (Fig. 1).  

To test the array performance, 15mer synthesized thiol-modified oligonucleotide probes and corresponding 
targets were used. In order to immobilize the probes on the arrays, the latter were first functionalized with 
3-glycidoxypropyl-tri-methoxy silane (GOPTS). Selective spotting of the probes on each membrane was then 
performed using the Laser Induced Forward Transfer (LIFT) technique. Three kinds of probes were used in this 
experiment: probes which were fully complimentary (FC) to the target, non-complimentary (NC) to the target and 
probes having one discrepancy to the target. All three kinds were immobilized on various sensors of the array as well 
as the Al reference capacitors. First experimental results indicate that the sensors are able to detect the hybridization 
of 10uM synthesized 15mer oligos (Fig. 2).  
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Figure. 1 Image of part of the sensor array consisting of 

membranes (sensing elements) and an Al capacitor. 

Figure. 2 The average response of several sensing 

elements during DNA hybridization of 15mer model 

oligos.  

The complete design of the LoC including the integrated µPCR and biosensor system is shown in Figure 3 and is 

compatible with an instrument which will be responsible for flow and temperature control of the LoC, where 

necessary. The µPCR microfluidic channels are placed directly over the heaters (depicted in red) which are designed 

to form three heating zones [4], so that by means of cycling the sample through them, in continuous flow, DNA 

multiplication can be achieved. Heat transfer computations for one thermal cycle of the whole μPCR [5] indicate 

good temperature uniformity within each thermal zone and are in agreement with the experimentally determined 

small power consumption for the device operation. The sensor itself sits in a chamber (for hybridization) in the right 

hand side of the chip which accommodates two microfluidic inputs and two outputs to ensure even transfer of the 

sample and complete coverage of the chamber area. Finally, the chip is completed with a pre-concentration chamber 

placed before the sensor and a waste chamber at the end of the microfluidic circuit, where pumping is implemented. 

 

 

Figure 3. Complete design of all LoC layers  

 

The fabrication process of the integrated system, shown schematically in Fig. 4, starts with a two-side copper 

cladded standard PCB. First the cavity into which the sensor sits is carved out of the PCB using mechanical drilling 

(LPKF ProtoMat S62). Next, the electrical connections and the three microheaters are formed on the copper layers of 

the PCB using standard PCB processing (photolithography and Cu etching).  

 

 
 

           Figure 4. LoC fabrication process flow  

After this step, the microfluidic channels and chambers are formed on the top side of the PCB. The μPCR 

μPCR 
Biosensor – 

Hybridization chamber 

Concentration 

chamber Waste chamber 
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channels are placed directly on top of the microheaters, so as to minimize the power losses of the heated device. In 

order to form the microfluidic circuit, a first thin polyimide film is laminated onto the PCB to provide a 

biocompatible bottom surface for the channels. Then, another thin photo-patternable polyimide film (Dupont 

PC1015) is laminated over the first polyimide film, exposed to UV radiation through a mask and developed to form 

microchannels 150um wide and 30um deep. At the same step, the waste chamber and a concentration chamber is 

formed at the microfluidic circuit end, and between the μPCR and the biosensor, respectively. In the following step, 

the Si biosensor chip is fixed in the carved cavity formed at the beginning of the process and its Al pads are 

wire-bonded to the Cu PCB pads, so that the electrical connections to the external read-out equipment can be 

established. In the final step, the microfluidic circuit and sensor chamber are sealed with a third laminated film and 

microfluidic ports in the sample inlet are attached. A view of the chip after the formation of the microfluidic circuit 

on the polyimide is shown in Fig. 5 and 6. 
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Figure. 5 Fabricated microchannels. Figure. 6 Hybridization chamber with biosensor chip 

wire bonded to the Cu pads of the PCB to provide 

electrical connections. 

 

CONCLUSIONS 

A label-free micromechanical, capacitive type biosensor has been presented and evaluated. A sensor integration 

strategy with a microfluidic circuit which also includes a µPCR implemented within a thin polyimide film laminated 

on a PCB has been drawn and key processing steps were demonstrated. The whole process has the potential of 

integrating on one chip both microfluidic as well as electrical function required for biosensor-based disease 

diagnosis on an integrated LoC system. 
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ABSTRACT 
    We developed a simple fabrication procedure for a fabrication of nanostructures with electron-beam (EB) 
lithography. We found that, an electron-beam irradiation with a density of over 50 mC/cm2 have high-resistance 
against dry-etching, resulting preserve in a clear-pattern of fluidics and through-hole pore for the EB-lithographed 
image. This electron-beam “baking” procedure would be a useful for EB lithography fabrications of nanobiodevices 
containing various kinds of nanostructure, e.g., pore, channel, pillar, and fluidics.    
 
KEYWORDS 
nanotechnology, nano-fluidics, nanopore, and electron-beam lithography.  

 
INTRODUCTION 

The research fields on single-cell and molecule analysis by using nanobiodevice have been recently expanding 
[1]-[6]. These nanodevices are generally composed of various kinds of nanostructure, e.g., nanopore, channel, fluidics, 
gape-electrode, pillar, and so on, and have various advantages. The fabrication technique of these nanostructure 
significantly influence the performance of the devices. Electron-beam (EB) lithography have been widely used for a 
fabrication of nanodevices because of the high-resolution, high-throughput, and highly integration capability[7]-[9]. 
However, the EB resist itself is not high resistance for ion-reactive and/or chemical etching. Pore/fluidics devices 
should have a proper depth and/or deep trench so that the precise three-dimensional fabrication is key points for 
high-sensitive sample sensing and controlling in the nanodevices. In order to transfer clear patterned image on the 
silicon substrate, the metal masking and wet-etching procedures should be added in the fabrication before and after 
the dry-etching, respectively. In this study, we developed a simple high-resolution dry-etching method using 
electron-beam “baked” resist without a metal masking procedure. The resist “baking” was performed by exposing an 
electron-beam on a ZEP resist layer after image-development. We found that an electron-beam irradiation induced 
chemical reactions on the upmost resist polymer, resulting in change in the resistance for reactive-ion dry-etching. 
Importantly, when the electron-beam dose density was over 50 mC/cm2, the dry-etching resistance was found to be 
drastically improved, resulting in high-fidelity pattern transfer of through-hole pore and fluidics on the substrate for 
the EB-lithographed image. In addition, the yield rate of the devices could be improved, compared to the 
nanofabrication process with the metal mask. Using this EB “baking” resist for the dry-etching, we successfully 
achieved a clear patterned nanodevices containing nanopore, channel, fluidics, gape-electrode (Fig.1). This EB 
lithography using electron-post-baking would be a general procedure of high-resolution dry-etching for 
nanofabrication..  

 

 
FIG. 1. Schematics of fabrication process of a nanostructure using “EB-baking” resist. (a) silicon wafer. (b) ZEP resist 
spin-coated silicon wafer. The resist were a pre-thermal baked on a hot plate. (c) The first electron-beam irradiation for 
lithography was performed, and the lithographic images of pore and fluidics pattern were developed with developer solution. (d) 
ZEP resist was “baking” by the second EB irradiation with a density of over 50 mC/cm2. (e) The electron-beam irradiation 
(“baking”) (f) pattern-transfer by using ion-reactive etching (RIE).(g) The “baked”-resist were removed in DMF solution.  
 
 
EXPERIMENT 

ZEP520A (Nippon Zeon Corporation) were used for the electron-beam lithography. The resists are copolymers of 
α-chloromethacrylate and α-methylstyrene, and spin-coated on a silicon wafer (100) to become a membrane of about 
0.2 um thickness. The resist thicknesses were obtained by varying spin-on conditions and measured by SEM and 
ellipsometry. The resists were prebaked at 170 °C for 5 min on a hot plate, and then the image-patterning was 
performed by electron-beam lithography 125 kV in a EBL system (Elionix) with the density of 0.19 mC/cm2. The 
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lithographed image was developed by immersing the sample into an organic developer solution. The developed EB 

resist pattern was clearly formed on the silicon wafer, which is confirmed by SEM imaging. After the electron-beam 

“baking” procedure, reactive ion etching (RIE) was performed with CHF3/Ar (2:1) gases by 10-NR. The etched 

depth was estimated by profile meter. 

 

RESULT AND DISCUSSION 

Electron-beam (EB) lithography and the pattern transfer on silicon wafer was performed in the following. In the 

first step, the EB resist were spin-coated on conductive substrates, and the image-patterning was performed by 

electron-beam irradiation with the density of 0.05 to 0.020 mC/cm2. In the second step, the electron-beam 

lithographed image was developed by immersing the sample into an organic developer solution. In the third step, the 

reactive ion etching (RIE) was performed in order to transfer the patterned image on the substrate. In this study, after 
the second step, the developed resist image was “baked” by electron-beam doping with the scanning electron 

microscope. The extent of EB doping was controlled by the scan rate.  

First, we fabricated fluidics, of which the width was 100, 200, 400 nm and the etched depth was 200nm. Figs. 

2b-d (200nm width fluidics) and Figs. 2e-g (100nm-width fluidics) show typical SEM images of the fluidics devices 

after RIE etching with EB-baking resists. When the resist have high resistance against the dry-etching, the edge of 

the transferred pattern were clear. From the fidelity pattern transfer, we found that the extent of the etching-resistance 

of EB-baked resist was mainly divided into the two phases. In the phase of high electron-beam irradiation in the 

range of 50 to 160 mC/ cm2 (Fig. 2b for fluidics with 200nm width, and Fig.2e for fluidics with 100nm width), the 

EB-baked resists were found to be highly resistant against dry-etchings, compared to a no EB-baked resist. Under 

this condition, the dry-etching-resistance time for the EB-baked resist was about four minutes, which was longer 

than the time for non-baked resist. On the other hand, in the phase of low electron-beam irradiation in the range from 
0.15 to 10 mC/ cm2 (Fig. 2c and f), its etching resistance of the EB-baked resist was found to be relatively low, 

compared to those of non-baked resist (Fig. 2d and g). Importantly, the high-dosed EB resist-baking procedure 

significantly improved the dry-etching resistance, resulting in formations of the clear EB lithographed patterns, and 

the etched sidewall of the nanofluidics have smooth surface, which is expected to be low friction factor and be 

suitable for the smooth sorting of sample molecules in the device.  

 
FIG. 2.  (a) Schematics (upper figure) and Scanning electron micrographs (lower figure) of nanostructure 

containing 400nm line-and-space structures. The SEM images of b-g show 200nm line-and-space patterned 

nanostructure, and the SEM images of (h-m) show 200nm line-and-space patterned ones. The patterns were 

produced by using ZEP-resist baking by our electron-beam irradiation procedure. The irradiated electron density, 

which was controlled by the irradiation time, were 160 mC/ cm2,for (b) and (e), 8 mC/ cm2,for (c) and (f), 0 mC/ cm2 

for (d) and (g), respectively. The dry-etched depth is found to be 200nm, estimated by cross-sectional SEM image of 

the nanostructure. The clarity of the pattern was mainly divided into the two phases. In the phase of low 

electron-beam irradiation in the range from 0.15 to 10 mC/ cm2, the patterns of (c) and (f) were found to be unclear, 

and, in the phase of high electron-beam irradiation in the range of 50 to 160 mC/ cm2, the pattern of (b)and (e) were 

found to be clear, compared to those pattern with a conventional method of (d) and (g). 

 
Next, by using this EB baking procedure, we fabricated a through-hole pore on silicon substrate. Fig. 3a show 

typical SEM images of through-hole pore with EB-baked resist. In the transferred image after the dry-etching, the 

pore image is well-transferred, and the sidewall of the no-baked through-hole pore have smooth anisotropic etched 

surface. On the other hand, as shown in Fig.3b, the through-hole pore size is smaller than the , and the sidewall of 

pore have some small pieces of material remaining attached to the pore. Similarly, by using this EB baking 

procedure, a gating nanopore composed of 1um gap-electrode 1um pore (Fig.3c), were fabricated. In this device, 

these smoothness of the etched surface for electrode and pore is important for the electrochemical sensing and 

estimation of the electrode surface area. Fig.3d shows a typical SEM image of the gating nanopore device. The 

image suggests that that, in the EB baked area, the resist layer existed even after the etching and the sidewall of pore 

and electrode also have smooth surface, while most of the no-baked resist layer was almost disappeared. This results 

demonstrated that this EB-baking procedure significantly improved the line-edge/surface roughness, and would be 

generally useful for a EB lithography fabrications of nanodevices.  
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Fig.3. Comparison of nanopore device by using electron-beam (EB) baked and no-baked resist after ion-reactive 

etching. Scanning electron micrographs (SEM) image of 100 nm pore by using EB baked resist (a) and by using no 
baked resist (b). The etched edge for the sidewall of the nanopore (a) is significantly clear, relative to that of (b). (c) 

Schematics of nanostructure containing 1um pore (white area) and 1um gold gap-electrode (black area). The 
EB-irradiation was performed around the pore. The beam density was 160mC/cm2. (d) SEM imagae of the nanopore 

device.  

 

The change in the dry-etching resistance would be due to the change in the chemical structure induced by the 

reactions, i.e., the scission or the crosslinking of resist molecules. It is well-known that the ZEP resist undergo bond 

breaking when ZEP is exposed to the electron-beam during the normal lithograph mode at the density of 0.05-0.25 

mC/cm
2
. Therefore, the low EB exposure at the density of 0.15 to 10 mC/ cm

2
 on the resist in our study also induced 

this C-C bond cleavage of main-chain in the resist copolymer, resulting in the degradation of the etching-resistance. 

On the other hand, in the high EB irradiation, it was reported that cross-linking reactions of ZEP resist could be 

induced by high-power electron-beam, X-ray, or heavy ion beam irradiation [10]. In addition, Oyama et al., recently 

suggested that EB irradiation at the density of over 10 mC/cm2 could induce C-Cl bond cleavage and C-C bond 

recovery or C=C bond formation after C-C bond cleavage of main-chain in the resist copolymer [11]-[13]. Together 
with these reports, in the upmost irradiated resist area, the resist polymer would be altered to the 

hydrocarbon/amorphous carbon layer, which improve the dry-etching resistance.  

 

CONCLUSION 

We achieved a high-resistance electron-beam resist for fabrication of nanodevices containing-fluidics, pore and 

nano-electrodes for single-cell/molecule sensing. After a conventional EB image-development procedure, we added 

a resist-baking procedure using an EB exposure with a density of over 50 mC/cm2, and then performed a reactive-ion 

dry-etching. We found that the EB-baked resists were highly resistant against dry-etchings, resulting in preserving a 

clear-pattern of the EB-lithographed image. This nano-scale dry-etching using EB-baked resist would be a general 

procedure for EB lithography fabrications of nano-fluidics and nanopore for single cell/molecule analysis. 
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ABSTRACT
A multiscale metallic pattern having in nanoscience exhibits unique and unusual optical properties in 

plasmonics. Conventional fabrication methods for multiscale metallic pattern involved many steps and restricted in 
shapes. Here we present a simple yet robust method for fabricating multiscale metal patterns through a transfer 
printing techniques by simply employing a polymeric hierarchical mold having low surface energy as a stamp. 
Multiscale metal patterns are easily transferred on a Norland Optical Adhesive (NOA) surface having relatively 
higher surface energy than that of PFPE hierarchical stamp without surface treatment.

KEYWORDS
Multiscale transfer printing, hierarchical stamp, metallic nanostructure

INTRODUCTION
Metal patterning is one of essential steps in the fabrication of plasmonic nanostructure [1]. Traditionally, 

photolithography has been used to define an array of metallic features aided by suitable dry or wet etching step. An 
alternative process is lift-off (after photolithography) or transfer printing utilizing the difference of work of adhesion
[2, 3], which is especially useful for low-cost, wet chemical-free processes for organic devices. For transfer printing, 
researchers have employed an inert stamp material such as polydimethylsiloxane (PDMS) or polyurethane acrylate 
(PUA) to transfer a group of metal dots or lines to a target substrate. However, several problems have been found, 
restricting the widespread use of the methods. First, the pattern resolution is typically limited to > 100 nm due to low 
mechanical properties of stamp materials. A rounding or roof collapse of the stamp results in non-uniform 
distribution of the contact, thereby deteriorating the overall pattern quality. Second, multiscale metal patterns are 
difficult to fabricate with a simple transfer printing step. For example, if a designed pattern consists of a group of 
100-nm dots separated by 1-10 µm spacing, a single scale polymeric stamp hardly produces the pattern in one-step 
printing since the space part of the stamp would touch the substrate while enforcing the stamp in contact. Therefore, 
a relatively complicated process involving a series of photolithography and selective etching has been developed in 
order to achieve a metal pattern with multiple length scales. It is noted that such a dual-scale metal pattern is 
receiving much interest as an essential component of plasmonic metamaterials or devices.

Here, we present a one-step, multiscale transfer printing (MTP) method to fabricate well-defined dual-scale metal 
patterns. A key idea is to utilize an inert polymer stamp with dual-scale structures in the form of nanoscale pillars or 
lines integrated with microstructural bases. The microstructure allows for a sufficient structural height so as to 
ensure a robust, conformal contact with the substrate. Such a hierarchically organized architecture is similar to the 
gecko’s toe pad, which is known to enhance the structural compliance and thus induce conformal contact via contact 
splitting.

EXPERIMENT AND RESULTS

Figure 1. Fabrication of multiscale metallic patterns using a hierarchical stamp
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Figure 1 depicts the fabrication process of multiscale metal pattern using a UV-curable perfluoropolyether 
(PFPE) resin. In the first molding step with PDMS stamp, the PFPE resin is not completely cured due to oxygen 
inhibition effect, resulting in a less-cured layer on top of the fully-cured base structure. Then, nanoscale structures 
are monolithically integrated in the second molding step by placing a nanopatterned PUA mold under a slight 
pressure in vacuum. It is known that the oxygen acts as a scavenger against the initiator or free radicals, so that the 
surface remains tacky and partially-cured after photopolymerization. The thickness of the partially-cured layer is 
determined by the competition between oxygen consumption rate and permeation rate of oxygen through the PDMS 
stamp, typically on the order of several micrometers. After preparing a hierarchical PFPE stamp, a thin metal layer 
(e.g., Au, Al, Pt, 20~60 nm) was deposited with a thermal evaporator and transferred to the acceptor substrate via the 
difference of work of adhesion (Figure 1b). 

 

 
 
Figure 2. FT-IR spectra and conversion ratio of PFPE below the PDMS mold depends on the UV exposure time. 

 
To monitor the structural evolution of the partially-cured layer, FT-IR analysis was performed with various UV 

exposure times up to 2 hr. Here, several peaks were identified as fingerprints of photopolymerization: C=O group 
located at 1720 cm-1, C=C double bonds at 1530 cm-1, and acrylate units at 690 cm-1. As shown in Figure 2, these 
peaks were all decreased with the increase of exposure time and unchanged approximately after 120 sec. By 
comparing the relative magnitude of these peaks, one can calculate the conversion ratio of each state, which can be 
used as a key index to determine the curing degree of the layer. when the conversion ratio of the partially cured 
PFPE was approximately 60%, there is no more deformable volume of resin in the outer surface of PFPE structure 
which means the upper structures on the predefined structure cannot be formatted in fully UV-curing process. The 
conversion ratio of the layer ranged between 35 and 45%, which gave rise to a well-defined hierarchical structure 
shown on the middle of right panel. When the conversion ratio was lower (too viscous) or higher (too rigid) than this 
range, the hierarchical structure was either collapsed (bottom of right panel) or not formed (top of right panel), 
respectively. 

There are several notable advantages in using the PFPE as a stamp material. First, the PFPE has a relatively high 
diffusivity to oxygen, allowing for a fairly large process window in the partially-cured regime compared to other 
materials such as PDMS. Second, it has low surface energy; the metal layer can be easily transferred to the 
underlying substrate without additional surface modification. Third, it is mechanically stable enough to maintain 
sub-100-nm structures without any structural collapse. Figure 3 shows examples of the resulting hierarchical 
structures with various shapes and scales: 800 nm dots on 45 µm pillars (C), 550 nm lines on 30 µm pillars (D), and 
10 µm pillars on discrete concentric circles of 200 µm width. 

 

 
 

Figure 3. SEM images showing examples of hierarchical structures with various shapes and scales 
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Figure 4. SEM images of various transferred metal patterns using hierarchical stamp 
 

Next, we fabricated various metal patterns using the MTP process. In Figure 4, groups of nanoscale dots (300 nm 
diameter, Pt) and lines (400 nm width, Al) were formed in one-step transfer with a uniform distance of 20 µm 
between the adjacent groups. This result demonstrates the ability to use different nanopatterns even on the same 
microstructure base. Similarly, groups of the same nanoscale dots (Au) were formed in a discrete concentric pattern, 
which is exactly matched with the hierarchical stamp shown in Figure 3. Here, the thickness of metal layer was ~40 
nm. Furthermore, a nanoscale stencil (hole diameter: 250 nm) was faithfully transferred to the substrate in the shape 
of 20 µm diameter circles with the thickness of 40 nm. 

The operating principle of the MTP process lies in the difference of work of adhesion at the metal-stamp and 
metal-substrate interfaces. For example, the calculated works of adhesion were 54.02 and 99.01 mJ/m2 for the 
Pt/PFPE and Pt/NOA, respectively, suggesting that the Pt layer could be readily transferred to the NOA-coated 
substrate without any surface modification. Although not shown, the metal layer could be transferred to other 
substrates such as polymethyl methacrylate (PMMA), silicon, and glass substrates with a modification of surface 
energy. 

In the MTP process, multiscale metallic structures are simply transferred on the acceptor layer by hierarchical 
structure. This result demonstrates the ability to use different nanopatterns even on the same microstructure base as a 
hierarchical stamp. Metallic nanostructures with micro length scale gap can be easily generated from the hierarchical 
stamp simply by a single transfer printing step. The surface energy of the PFPE stamp is significantly low that is 
available to form the multiscale metallic structure without surface treatments on the acceptor layer.  

 
CONCLUSION 

we have presented a simple method for creating various PFPE stamps with hierarchical structures and its 
application to multiscale metal transfer printing. It turned out that a partially-cured layer was obtained with the 
conversion ratio in the range of 35 to 45%, and then a dual-scale structure with minimum resolution down to 
sub-150 nm (nanoscale feature) and sub-5 um (microstructure base) was formed via two-step molding process with 
high physical integrity and pattern fidelity. It is envisioned that the method presented here will broaden the scope of 
metallic nanostructures in plasmonic metamaterials as well as in microfluidic and optical devices where simple metal 
patterns are needed to be integrated. The current method would be useful in patterning multiscale metal arrays with 
potential applications to nano-optics, electric devices and sensors. 
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ABSTRACT 

In this work the combined use of direct laser writing (DWL) and a new epoxy material (mr-DWL) for fast prototyp-
ing of µTAS devices is demonstrated. The fabrication process is based in the use of DWL to manufacture epoxy-based 
masters without using any mask, and replicate them into PDMS. A total processing time of less than 12h from the design 
to the final working µTAS is demonstrated. Two different PDMS microfluidic structures are fabricated and tested as 
proof of concept of the good performance of the proposed technology. 
 
KEYWORDS: µTAS fast prototyping, epoxy material, direct write laser, PDMS 

 
INTRODUCTION 

Nowadays, µTAS are present in a myriad of chemistry, bio-chemistry and life sciences applications. However, such 
devices usually require cm-scale areas containing micrometric structures that must be cost-efficiently fabricated. One of 
the most used materials to fulfill these requirements is the polydimethylsiloxane (PDMS) elastomer, which permits fast 
prototyping [1-3]. Typically, a master for casting PDMS is first fabricated with conventional microfabrication tech-
niques. One of the most common methods to develop µTAS is based on the replication of PDMS structures from a SU-8 
master [4]. However, the fabrication of such master implies the manufacture of photolithography masks, which normally 
is expensive and time consuming. Furthermore, an optimization investigating several design variations of the µTAS is 
usually required, involving the fabrication of further masks and consequently increasing the processing time and cost. 
Thus there is a continued interest in alternative, low-cost, fast, microfabrication methods to develop such masters. In this 
work a method to perform fast prototyping of µTAS without using any photolithography mask is presented. Direct laser 
writing (DWL) of a new epoxy material [5] is proposed in this work to directly cost-efficiently prototype such masters.    

 
EXPERIMENTAL 

The master fabrication process is depicted in Figure 1. Initially, a negative tone epoxy resist very similar to SU-8 but 
optimized to be sensitive at the exposure wavelength of 405 nm (mr-DWL, micro resist technology GmbH, Germany) is 
spin coated over a silicon wafer and prebaked at 90ºC for 30 min. After the prebake, a commercial DWL-tool (DWL200, 
Heidelberg Instruments GmbH, Germany) is used to directly expose the epoxy material (Figure 1A). DWL is an optical 
pattern generator based on a fast acusto-optical laser scanner. This scan exposure is done automatically in a time between 
30 min to 1h30 depending on the density of structures in the wafer. A diode laser tuned with an output power of 66 mW 
was used as a continuous light source. The system can be equipped with different objective lenses resulting in different 
optical resolutions. The light was focused onto the polymeric layer using an objective lens with 4 mm focal length and an 
optical resolution of 0.7 µm. Immediately after the exposure, a post-exposure bake at 90ºC for 30 min was performed to 
induce the cross-linking of the exposed areas. Then, the structures can be relaxed at room temperature for 24h to reduce 
the internal stresses prior to their development in propylene glycol methyl ether acetate (PGMEA) to remove the mr-
DWL that was not exposed (Figure 1B). Finally, a hard-bake (HB) can be done to reduce the ageing of the fabricated de-
vices [6]. 

 

 
Figure 1: (A) DWL scan exposure of the spin coated mr-DWL epoxy material.  

(B) After cross-linking and development the master is ready to be used. 
 
Once the master is completed, it is possible to replicate it into PDMS by cast molding and bond the PDMS micro-

structures into a glass substrate to achieve the final devices. The total time to complete the µTAS prototype fabrication 
from the design to the final working device is less than 48h. Furthermore, if the fabricated masters do not require long 
term stability the relaxation time and the HB steps can be omitted resulting in a total process time of less than 12h, of 
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which approximately only less than 4h are of active manufacturing. This short processing time, without requiring any 
photolithographic mask, allows fast prototyping of µTAS. 

 
RESULTS AND DISCUSSION 

DWL has been used to fabricate test structures in order to validate its capabilities. Figure 2 shows three masters fabri-
cated using this method: Fig. 2A shows two high aspect ratio epoxy structures 35µm-thick 4 and 5µm-width, respective-
ly. Figure 2B shows dense lines 6 and 7µm-width spaced the same distance and Figure 2C shows dense 35µm-deep 
trenches. All the fabricated structures exhibit vertical sidewalls and low roughness. 

 

Figure 2: SEM pictures of 35µm-thickness epoxy structures fabricated by DWL: (A) High aspect ratio isolated struc-
tures, (B) dense line structures and (C) deep dense trenches. 

 
In order to validate the use of the DWL epoxy structures in a PDMS replication process two different microfluidic 

systems have been fabricated using masters prepared with the DWL write method described above and subsequently rep-
licated. Figure 3 shows a original mr-DWL master (A) and the replicated PDMS negative structure (B). The 100µm-side 
triangular holes originally fabricated in the epoxy material are accurately replicated as triangular columns, showing the 
same thickness as the surrounding sealing PDMS structure. Replication of this structure was done without any additional 
anti-sticking layer. However, the final PDMS structures exhibit high fidelity to the original design and no defects or resi-
dues could be observed in the master after completing the replication process. Figure 3C shows an optical image of the 
same PDMS structure exhibiting a micro-channel 200µm-wide connected to a region filled with the triangular micro pil-
lars. Conversely, Figure 3D present an array of serpentine-like micro-channels 30µm wide that is designed as a micro-
mixer. Fluidic microchannels in both structures are 80µm deep. 

 

Figure 3: SEM images of (A) a mr-DWL master exhibiting a bulk structure with 100µm-side triangular holes and (B) 
its PDMS negative replica showing triangular pillars with the same thickness as the microchannels depth. (C) Optical 

microscope image of the same PDMS microfluidic component and (D) an array of 30µm-wide serpentine-like channels. 
 
To validate the proposed technology both micro-fluidic structures were bonded onto a glass substrate and filled using 

an active external pump with a constant flux rate of 5 µl/min. Figure 4A shows a picture of the filter structure bonded to 
the glass. The structure was filled and emptied repeated times with water to test its adhesion to the glass. Some residues 
of water can be observed in the bottom corners. Figure 4B shows the filter filled with a water solution blue ink, in order 
to increase the contrast between the microchannels and the PDMS structures. No leakage can be observed in the triangu-
lar pillars regions, proving the good adhesion to the substrate and that their thickness is equivalent to the rest of the 
PDMS structures. Figure 4C shows the micromixer device bonded to the glass substrate and with both inputs connected 
to an active pump, prior to be filled. Figure 4D shows the same device once water-based blue and red inks are injected at 
the same flux rate in input 1 and 2 respectively. As can be observed, the blue ink fills the left side channels, while the red 
ink fills the right side ones. In the middle region both inks joins together and are consequently mixed. No leakage can be 
observed during this process. Both PDMS µTAS components where replicated from epoxy masters fabricated using 
DWL without the relaxation time and the HB steps and without using any anti-sticking layer. The total processing time 
from the already existing design to the final structures was of approximately 11h for 2 wafers and a total of 42 devices, of 
which 15 were bonded to glass substrate and tested. From this step it would be possible to optimize the design and fast 
prototype new devices, fabricate a final master mould using the same technique without using a photolithographic mask 
or fabricate a mask with the optimal designs if high throughput fabrication of master is required. 
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Figure 4:Optical pictures of two PDMS µTAS components bonded to a glass substrate: first a filter structure exhibit-

ing triangular columns (A) before and (B) after filling it with a blue ink solution and second, a micromixer (C) as bonded 
to the glass substrate and (D) after injecting a blue and a red inks in inputs 1 and 2, respectively. 

 
CONCLUSION 

Epoxy structures with high aspect ratio, vertical walls and low roughness for both positive and negative designs have 
been fabricated using a commercial DWL tool. Such tools are more and more available in the microfabrication laborato-
ries due to the development of compact systems with low-cost lasers. Two different µTAS components have been fabri-
cated by replication of the mr-DWL structures into PDMS. We have demonstrated that the full fabrication process can be 
done in less 12h if no long term stability is required, and less than 48h are required for masters planned to be replicated 
several times. This, together with the good performance of the fabricated structures, demonstrates that DWL is a fast and 
cost-efficient method to fabricate temporal and long term use epoxy masters allowing fast prototyping of µTAS. 
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ABSTRACT 

 This paper reports a graphene nanosieve using a unique block copolymer lithography method and its 
application to separation of hemoglobin (Hb) and human immunoglobulin G (IgG) proteins. The preliminary 
fabrication process for the nanopores using universal block copolymer lithography was reported in Advanced 
Materials. [1] Our method differs from that of group C. Dekker [2] in the specific method of grapheme nanopores 
fabrication and its targeting application of the DNA translocation. 
  
KEYWORDS 
Proteins separations, Nano sieve, Graphene, Block copolymer lithography  

 
INTRODUCTION 

Ultrathin nanosieves with nanopores are highly being important for their versatility and outstanding performance 
comparing to a commercialized nanoporous membrane.[3] Even though numerous methods have been reported, they 
are still very expensive and cannot be realized in a large scale,[4] or need a complicated processing technique. Here, 
we propose a unique and handy method for fabricating a nanosieve. Without any specialized photolithography, 
processes or equipment, general block copolymer spin coating and reactive ion etching (RIE) were only used. Spin 
coating and RIE are well-known and very reliably mass-producible processes. Thus, the proposed method has great 
advantages of low cost, reproducibility and high throughput. In this work 3~4 nm-thick graphene nanosieve was 
successfully manufactured, and the pores size could be controlled from several nanometer to several tens of 
nanometer, by controlling the mixing ratio of polymers and annealing temperatures. 

 
EXPERIMENT 

Figure 1 shows schematic diagram of the grapheme nanosieve fabrication using lithography process based on 
polystyrene (PS) - polymethyl metacrylate (PMMA) block copolymer. A nano-template of surface perpendicular 
PMMA cylinders in a PS matrix assembled on a graphene film (average diameter of PMMA cylinders: 15 nm, 
center-to-center distance between neighboring cylinders: 45 nm) was utilized and etched using RIE as shown in Fig. 
1(b).  

 
 

          
(a)                                (b)                  

Figure 1. Schematic diagram of the grapheme nanosieve using block copolymer lithography process (a), and the 
SEM photograph of grapheme sieve with nanopores of a diameter of 15 nm (b) . 

 
 
The etching grapheme nanofilm is transferred successfully to the 1.5 cm x 1.5 cm silicon device, which has low 

stresses SiN membrane with one micrometer-wide micropores (Figure 2). In order to investigate the separation 
ability of the grapheme nanopores, we did a separation test between the haemoglobin with a diameter of around 7 
nm and the IgG with a diameter of above 15 nm.  
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(a)                                   (b) 

Figure 2. Cross-sectional view of the nano-sieve devices; top and bottom photographs(a) and top SEM photographs 
of them (b). 

 
In order to observe their performances, first, we had tagged Hb with Alexa fluor 488 nm beads and IgG with 

Alexa fluor 350 nm beads, respectively. Two proteins are diluted to be a concentration of 100 mg/mL and mixed 
together, and put on the nanosieves. One mole Hb was labelled with 2 mole dyes and one mole IgG labelled with 6 
moles dyes. The fluorescence photographs when starting and after 10 min according to the light-emitting frequencies 
are shown in Figure 3. The fluorescence intensity in case of Hb is increased but, the intensity in case of IgG is 
decreased after 10 min reaction. It shows that the separation of two kinds of proteins can be separated using the 
grapheme-based nanosieve device, in which the diameter of the pores are controlled to be about 15 nm, simply and 
clearly.  

 
 

 
                                            (a) 
 

 
                                           (b) 

 
Figure 3. Fluorescene photographs showing selective penetration of mixture of two proteins (Hb) (a) and 
Immunoglobulin G (IgG)) (b) at separation-starting time and after 10 min. IgG is tagged with 350 nm-fluorescence 
dyes and Hb with 480 nm-fluorescence dye. 
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Figure 4.  Fluorescence intensity as a function of penetration time using a mixture of Hb and IgG proteins. The 
signals were measured at a 50 mm-away from the edge of the supporting membrane (200x200 mm2). 

 
From the edge of the membrane, the diffusion signalling intensity of Hb increases and the intensity of IgG 

decreases as a function of the operation time (Figure 4). By controlling the diameter of the pores to about 15 nm, it 
could separate two kinds of proteins easily and rapidly.  

We conformed that the separation process is saturated within ten minutes. Since the fabrication of the grapheme 
nanosieves is so simple and easy to use and the separation of proteins works reasonably, the method can be 
applicable to the various medical devices, a fuel cell, and water purification. 
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ABSTRACT 
    We present a simple, flexible fabrication technique to develop three-dimensional nanochannel arrays that 
can be embedded in a micro/nano-fluidic system using direct laser writing. We easily obtained a nanochannel 
bridge between two microfluidic channels on a glass slide by laser-scanning photosensitive materials filled in 
microchannels. We also fabricated a vertical nanochannel array, thus showing the feasibility of 
three-dimensional nanochannel fabrication. We envision that the nanochannel array fabrication technique will 
facilitate to increase the functionality of microfluidic systems.   
 
KEYWORDS 
Nanochannel fabrication, nano-bridge, vertical nanochannel array, direct laser writing, nanofluidic system  

 
INTRODUCTION 

Nanofluidic systems are a powerful tool for manipulating DNA, proteins, and nanoparticles [1]. 
Nanochannels play an essential role in nanofluidic systems [2]. To fabricate nanochannels, e-beam lithography 
[3], step sidewalls [4], CMOS fabrication technique [2], and nanoimprinting [5] have been reported. However, 
three-dimensional nanochannel integration in micro/nano-fluidic systems has yet to realize mainly due to their 
two-dimensional fabrication manners that require complicated fabrication steps including multiple sacrificial 
layers deposition and etching to achieve 3D nanochannels. Thus, simple fabrication to develop nanochannel 
arrays integrated in micro/nano-fluidic systems and three-dimensional nanochannel arrays is still challenging 
using the previously reported methods. Two-photon direct laser writing can be an alternative method due to a 
simple, flexible fabrication fashion to realize 3D structures with hundreds nanometers resolution; 
two-photon-laser scans into a photosensitive material and can draw 3D arbitrary structures. Moreover, the laser 
can scan into a pre-built micro/nano-fluidic system filled with a photosensitive material, thus facilitating the 
3D nanochannel integration into micro/nano-fluidic systems. Previously, we verified the potential of 
two-photon direct laser writing for nanochannel fabrication applications [6]. Here, we propose a fabrication 
technique for the integration of 3D nanochannels into a micro/nano-fluidic system and the development of 3D 
nanochannel arrays by two-photon direct laser writing (Fig.1).   

 

 
Figure 1. Conceptual illustration of the nanochannel fabrication technique by direct laser writing.  This method 
allows us simple nanochannel fabrication without conventional lithography including several complicated layer 
deposition / etching steps and sealing process. Laser can scan into photoresist filled in a pre-built micro/nano-fluidic 
system, thus enabling nanochannel integration into the system. Also, the method can develop vertical nanochannel 
arrays and 3D arbitrary nanochannels that are difficult to develop using other technologies. Thus, the laser-writing 
nanochannel fabrication method will facilitate to develop high-throughput, high-functional micro/nano-fluidic 
systems.   
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EXPERIMENT 

Figure 2a illustrates the process 

flow to fabricate nanochannels. We 

used a two-photon direct laser writing 

system (Photonic Professional, 

Nanoscribe GmbH equipped with a 

100×, Numerical Aperture=1.4, oil 

immersion objective). Laser powers 

were 9.2−9.6 mW and piezoscanning  

velocities were 500 μm·s
-1

. In addition, 

we used ‘Continuous Mode’ to connect 

neighboring points, resulting in a 

smooth line. Three-dimensional 

piezo-stage movement was 

automatically operated according to 

pre-loaded design to control software. 

Two-photon laser scans into the 

dropped photoresist (IP-L 780, 

Nanoscribe GmbH) on a circular cover 

glass of 30 mm in diameter (Fig. 2b). 

The liquid-type photoresist, IP-L, 

provides a simple fabrication manner 

because it does not require pre-baking, 

spin-coating, and post-baking steps. 

Glass slides were silanized to enhance 

adhesion between polymerized photo- 

resist and glass slides. To silanize 

glass slides, first, glass slides were 

cleaned by acetone. The slides were 

plasma-treated for 10 min. Then, the 

slides were maintained in 1 mM of 

3-methacryloxypropyltrimethoxy- 

silane (Polysciences, Inc.) in toluene 

(Wako Pure Chemical Industries, Ltd.) 

for 1 hour. The slides were washed 

using Milli-Q water, then blow-dried. 

To develop nanochannels, the laser 

scans into the materials layer-by-layer  

along z-axis. First, the laser scans squared-area with nano-gaps (Fig. 2c). Then, piezo-stage moves 0.8 μm 

above the interface set point (0.2 μm below interface between photoresist and a glass slide), and scans squared 

area to cover the structures with nanogaps (Fig. 2d). If 2 and 3 steps of Fig. 2a are repeated, we can develop 

nanochannel array stacks. After developing in SU-8 developer for 20 min, we have obtained nanochannel arrays. 

The cross-section of structures has oval shapes (Fig. 2c and d) because polymerization volume exposed to laser 

focus, voxel, is oval-shaped; the oval-shaped voxel is the characteristics of two-photon absorption. 

 
RESULTS AND DISCUSSION 

In experimental study, we tested the feasibility of nanochannels integration into micro/nano-fluidic system 

and 3D nanochannel fabrication. We demonstrated that nanochannel array could integrate into a pre-built 

microfluidic-system, as shown in Fig. 3. In this preliminary test, we developed two microfluidic channels using 

photoresist. Then, nanochannel array was created between the microfluidic channels to bridge them. To realize 

the full potential of the technique, nanochannel array fabrication has to be incorporated with glass-based 

micro/nano-fluidic devices that include inlet, outlet, and sealed-cover. When the photoresist is filled in the 

pre-built devices, laser can scan into the photoresist and form nanochannel arrays in the devices. If the 

technique lives up to its promise, the laser-writing fabrication method would provide opportunities for 

increasing functionality of micro/nano-fluidic systems. For example, at the nano-bridge, it is possible to apply 

very-local chemical exchange between two microflows. Despite of the benefits and promises of the technique, 

some technical challenges remain. In particular, bonding top and bottom glass slides has to be studied. Since 
thin cover glass has to be used in direct laser writing system, thickness of top and bottom glass slides is 

different. Thickness difference can cause glass breakage during anodic bonding process. In the future study, 

alternative bonding methods have to be tested instead of anodic bonding process.  
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We also developed vertical 

nanochannel arrays. In 10 μm (width)

×10 μm (length) dimension, we drew 

4 channels of 1000 nm (width) ×10 

μm (length) in two stacked layers; the 

size of nanochannels was designed to 

have larger than the resolution of this 

method due to microscopic 

measurement. To demonstrate 

nanochannels, rhodamine solution of 

100 μM was flowed into the 

nanochannels by capillary force. The 

portions of the nanochannels showed 

higher fluorescence intensity than 

other portions. We concluded the 3D 

nanochannel array was successfully 

obtained by the laser-writing technique. 

The fabrication method can extend to 

fabrication of multi-stacked (more 

than 2) or 3D complex nanochannels. 

Therefore, although further technical 

refinement should be conducted, the 

laser-writing fabrication method would 

provide opportunities for the simple 

development of 3D nanochannel 

arrays embedded in micro/nano-fluidic 

systems, thereby resulting in 

increasing the functionality of the 

systems.   
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LARGE AREA 3D MICROFABRICATION TECHNIQUE  
BY MULTIDIRECTIONAL PHOTOLITHOGRAPHY  

FOR A CHROMOSOME EXTENSION CHIP 
Yuki Nitta, Hiroyuki Suzuki, Kyohei Terao, Hidekuni Takao,  

Fusao Shimokawa, Fumikazu Oohira and Takaaki Suzuki 
Kagawa University, Japan 

ABSTRACT  
In this paper, we propose a UV lithography technique for fabricating large-area 3-dimentional structures using 

multidirectional UV exposure, and report its application to fabrication of a human chromosome extension chip. Human 
chromosomes are composed of DNA fibers of approximately 2nm in width and 8.3mm in maximum length having 
complicated three-dimensional conformations in a nucleus. A human chromosome extension chip with simple method 
proposed previously have a small work area for extension in comparison with the human chromosome size. So, we 
propose a fabrication technique with large work area and carried out extension tests with human chromosome. We 
evaluated a fabrication accuracy of the proposed technique and fabricated a large mesh array chip in the diameter of 68 
mm, and demonstrated extension of the chromosomes by flow induced by a centrifugal force and compartmentalize them 
on the microfabricated 3D mesh array. 

KEYWORDS: Gene Analysis Chip, DNA fiber, Centrifugal force, Chromosome, Photolithography 
 

INTRODUCTION 
Human chromosomes are composed of DNA fibers of approximately 2nm in width and 8.3mm in maximum length 

having complicated three-dimensional conformations in a nucleus. Extension of chromosomes to a fiber form have 
attracted attention in the field of DNA analysis, though, conventional techniques have difficulties in positioning extended 
chromosomes for visualization of them [1]-[4]. Previously, we have proposed a microfabricated 3D mesh array that 
extends chromosomes by flow induced by a centrifugal force and compartmentalize them at its mesh structures [5]. 
Although we demonstrated a highly-resolved DNA observation and a short-time gene analysis using the chip, it requires 
further development for visualization of whole chromosomes in fiber conformations; i.e. fabrication of a large-area chip. 
To solve this problem, we improved a 3D fabrication technique using multidirectional UV exposure with larger work 
area and demonstrated chromosome extension in the fabricated large-area chip. 

 
THEORY 

Figure 1 shows an extension method of the chromosomes. Firstly, chromosome suspension was dropped to the center 
of the circular chip. Then, parts of the chromosome fixed to the chip by physical adsorption due to half air-dry of the 
chromosome. Secondly, the chip are rotated by a spin-coater, and the chromosomes are extended by the shear stress in 
the flow field induced by the centrifugal force. The extend chromosomes are suspended along the groove at the top of the 
mesh structures in liquid, and chromosomes fixed by physical adsorption due to half air-dry. Finally, the suspended 
chromosomes in the liquid are stained by a fluorescent dye or hybridized by multi DNA probes, and observed by a 
fluorescence microscope. Although we demonstrated a highly-resolved DNA observation and a short-time gene analysis 
using the chip [5], it requires further development for visualization of whole chromosomes in fiber conformations; i.e. 
fabrication of a large-area chip. Previous chip has a disk shape of 14 mm diameter in maximum which is insufficient for 
the extension of long chromosomal fibers. To solve this problem, we improved a 3D fabrication technique using 
multidirectional photolithography and fabricated a mesh array with a large area of 68 mm in diameter. 

 
 

Mesh structures

Center of rotation

Centrifugal force

Chromosomes

 
Figure 1. A conceptual diagraph of chromosomes extended by a centrifugal force 
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FABRICATION 
The proposed mesh array chip is fabricated the multidirectional photolithography. The concentrically micro-mesh 

structures and four dropping stages on the microchip were simultaneously fabricated by the single process of the 
rotated/inclined exposure with a fixed mask. The proposed process involves directly spin-coating a thick negative 
photoresist such as SU-8 on a mask and rotational exposing it from the backside of the substrate with the fixed mask. A 
large variety of microstructures are fabricated by the combination of the mask patterns of the rotated and fixed masks. 
We evaluated a precision of dimensions of a chip fabricated with previous exposure condition. The top length of a mesh 
structure, a, was selected as the representative size for the evaluation. The difference from the design value, r, was 
plotted along the distance from the chip center (in Figure 2), showing a large difference of over 40 % in r < 3 mm. To 
reduce it, we optimized a mask pattern and an exposure dose, which brings a high precision less than 30 % in whole area. 
To demonstrate a large area fabrication, we assembled a setup of rotational inclined exposure as shown in Figure 3 that is 
available for exposure of up to 4-inch substrate, based on the estimation of the uniformity of UV light field and the 
precision of the pattern. Using the setup, we fabricated a mesh array chip of 68 mm in diameter with a mesh size of 2m 
in width as shown in Figures 4 and 5. 

 

 
5inch Fixed mask 

4inch Rotated mask 

5inch Exposure area   

 
Figure 2. Accuracy of dimension of the fabricated mesh 
structures on the chip 

Figure 3. A Photograph of a multidirectional exposure 
system for 4-inch in work area 

 1mm

 

 

(a) A Large mesh array chip (b) A previous chip (a)Whole image (b)Micro mesh 
structures 

Figure 4. Photographs of the mesh array chips Figure 5. SEM images of the device fabricated  
by the multidirectional photolithography 

RESULTS AND DISCUSSION 
We evaluated the extended length of the chromosomes as the function of the number of rotation for optimizing the 

extend conditions of the chromosome. Chromosome extension was performed using HeLa cell samples. First, the cells 
were ruptured by chemical treatment and the solution containing chromosomes were dispensed onto the center of the 
mesh chip. Then, the chip was rotated with the speed of 4000-6000 rpm to induce a flow on the chip by the centrifugal 
force, resulting in chromosome extension by its shear force. 

Chromosome fibers were suspended between the micromesh structures, where they were spontaneously aligned with 
constant spacing between each fiber due to the mesh as shown in Figure 5. The fiber lengths were evaluated by staining 
them with fluorescent dye as shown in Figure 6, showing 200-300 m extension, which is over 20-times extension 
compared to a chromosome in a cell. The results also show the higher rotational speed allows the longer extension. These 
results show the successful extension of human chromosomes with a large area 3D microstructure chip.  

Then, chromosome extension on large mesh array chip was rotated with the speed of 5000 rpm in 30 seconds. The 
extended chromosome was 1.4mm in length on the large mesh array chip as shown in Figure 7. Since the maximum of 
the extended chromosome length is 0.68mm on the previous chip, the chromosomes on the proposed large mesh array 
chip were extended longer than one on the previous chip. 

10mm 
10mm 

20m 
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l [m]

Mesh structures
m Extended chromosome

  
Figure 5. A fluorescence image of extended 
chromosomes  

Figure 6. Relationship between rotational speed and 
extended chromosome length 

  

 
Figure 7. A fluorescence image of the extended chromosomes on the large mesh array chip 

CONCLUSION 
We evaluated a precision of dimensions of a mesh array chip fabricated by the multidirectional photolithography with 

the large work-area, and fabricated a large mesh array chip of 68 mm in diameter. The chromosome extended by the 
large mesh array chip was twice longer than one extended by the previous chip. 
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A LOW-COST VALVE AND PUMP WITH POLYPROPYLENE (PP) 
FABRICATED BY UV/OZONE-ASSISTED THERMAL FUSION BONDING 
Joon S. Shim, Wonjong Jung, Chinsung Park, Kyung-Ho Kim, Wonseok Chung, Kak Namkoong, 

Joon-Ho Kim and Nam Huh
In-Vitro Diagnostics Lab, Samsung Advanced Institute of Technology (SAIT), 

Samsung Electronics Co., Ltd., Korea

ABSTRACT
A membrane microvalve and pump have been fabricated with polypropylene (PP) film bonded between 

poly(methyl methacrylate) (PMMA) microfluidic layers by Ultra-Violet/Ozone (UV/O3) assisted thermal fusion 
bonding. The developed PP-PMMA microfluidic device has been fully characterized and compared with a 
conventional PDMS-membrane device which is bonded between glass substrates. The developed PP-membrane 
device successfully demonstrated a comparable valving and pumping performance with the PDMS-membrane 
device. In addition, the suggested fabrication technique allowed a geometrically selective bonding to prevent the 
membrane from bonding with a valve seat, which has been a hurdling issue in a membrane microvalve. 

KEYWORDS
Micro valve, Micro pump, Polypropylene membrane, Lab on a chip

INTRODUCTION
A lab-on-a-chip (LOC) technology has been extensively utilized to accurately analyze a small volume of sample 

according to a variety of purposes. Because the LOC device is comprised of a plurality of microfluidic channels and 
chambers, multiple laboratory tests could be systematically performed for a target sample. However, to construct a
robust and reliable LOC device, an on-chip microvalve and micropump is essential, so that a sample and a reagent 
could be accurately provided at desired positions in the microfluidic device. Among a various types of the developed 
microvalves, a monolithic microvalve has been widely adopted due to its reliable valving performance and highly 
dense integration with microfluidic channels [1]. In this work, the monolithic microvalve and pump for low-cost 
applications have been simply implemented with PP membrane and PMMA substrate by the UV/O3 assisted fusion
bonding. The PP-PMMA device demonstrated a comparable valving and pumping performance with PDMS-glass 
device. Thus, the developed device can be widely applicable for mass-producing disposable LOC applications.

EXPERIMENT
Device fabrication

The operation principle of membrane microvalve 
is illustrated in Figure 1 (a) and (b). The flow of 
sample fluid is controlled by applying the pneumatic 
pressure to the membrane. As shown in Figure (c), 
the membrane is sandwich-bonded between the 
fluidic layer and the pneumatic layer. So, the flow 
path is blocked when the positive pressure is applied
to the membrane. On the other hand, when the
vacuum pressure is applied to the membrane, the 
sample solution could flow through the valve region. 

A polypropylene (PP) film was utilized as a 
membrane of the microvalve. The PP film was
bonded to injection-molded PMMA substrates, 
where one had fluidic channels and the other had 
pneumatic channels. To ensure a flexibility of the 
membrane, the 50 um thick PP film was utilized. The 
fluidic layer and the pneumatic layer were fabricated 
with PMMA by plastic injection molding on the 
microstructure patterned nickel (Ni) mold.

UV/Ozone assisted Thermal Fusion Bonding
After injection molding the fluidic and pneumatic 

substrates with PMMA, each plastic layer was
thermally fusion-bonded with PP film membrane.

       
(a)                            (b)

  
Pneumatic 

Layer
(PMMA)

Fluidic 
Layer

(PMMA)

Membrane
(PP)

  

B

B’

A A’

 
(c)                            (d)

        
(e)                            (f)

Fig. 1. Schematic illustrations of PP membrane microvalve. . (a) 
valve close, (b) valve open, (c) Device configuration, (d) top view, 
(e) cut view (A-A’), and (f) cut view (B-B’). 
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The thermal fusion bonding widely utilized to 
bond two polymer materials which are same 
material or have a same Tg. Generally, 
heterogeneous materials with different Tg is not 
strongly bonded by common thermal bonding 
procedures. Even though UV/O3 assisted bonding 
was previously introduced [2], the bonding 
materials were limited to the same materials such 
as COC to COC and PMMA to PMMA. In this 
work, a robust bonding between the PP film and 
the PMMA substrate was attained by UV/O3
treatment. The UV/O3 assisted thermal-fusion 
bonding enables bonding between two different 
thermoplastics at low bonding temperature below 
their Tg. The bonding surfaces of PP and PMMA 
were treated by UV/O3 for 5 minutes (Zeolite Inc, 
USA). Then, the pneumatic layer and the PP film 
were bonded by an automatic hot press (CARVER 
Inc., USA) at the temperature of 55 °C.

Geometry-selective bonding
Three layers of heterogeneous polymers,

PMMA-PP-PMMA, was bonded together to 
implement the membrane microvalve. While the 
membrane was bonded to the fluidic substrates and 
the pneumatic substrates, the membrane could be 

easily bonded to the valve seat at the fluidic layer. Once the membrane was bonded to the valve seat, the flow path 
was permanently blocked. To prevent this failure during the bonding procedure, the selective bonding technique was 
developed in this work by utilizing a geometry of the pneumatic layer and the polymer deformation. To achieve the 
thermal fusion bonding, both heat and pressure should be applied to the thermoplastic materials. Because the 
pneumatic layer had a pattern of pneumatic chamber for the pneumatic actuation above the valve seat of the fluidic 
layer, the pressure was not applied to the membrane at the valve seat region. So, the membrane at the valve is not 
bonded to the valve seat of the fluidic layer due to the absence of the bonding pressure. Also, during the bonding 
process, PMMA substrate was slightly deformed in arrow directions as illustrated in Figure 1 (e) and (f). While the 
deformed PMMA substrate was extruded to the empty space of the chamber pattern, the sandwiched PP film was 
also pushed to the valve region. As a result, the PP film was set apart from the valve seat with a curvature shape, so 
that the membrane was selectively not-bonded to the valve seat. Figure 2 (a) and (b) show the microscope pictures of 
the selectively bonded membrane between the pneumatic layer and the fluidic layer. To show the difference between 
a bonded region and a not-bonded region, the microscope images were taken while the fabricated chip was inclined, 
which made the not-bonded regions brighter than the bonded region by a light reflection.

Valving performance and characterization
The valve performance was evaluated by measuring a valve closing pressure (VCP) as shown in Figure 3 (a).

The VCP was defined to be a minimum pneumatic pressures to block the air flow with the fluidic pressure. While the 

 

 

 
(a)                       (b)

 
                         (c)  
Fig. 2. Microscopic images of fabricated micro valve. (a) 
Geometrically selective bonding for actuating the membrane of micro 
valve. Bright region due to a light reflection shows a not-bonded part 
of membrane. (b) Array of selectively bonded micro valve. 
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Fig. 3. (a) Measurement of valve closing pressure (VCP) which is the minimum pneumatic pressure to block the air flow with the 
fluidic pressure. (b) Chip-to-chip variation of VCP for blocking the fluidic pressure of 100 kPa. 
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pressured air was supplied to the inlet of microchannel, the tube connected to the microchannel outlet was 
submerged in DI water to check the air bubble due to the valve leakage. Until the air bubble at the end of the outlet 
tube was detected, the pneumatic pressure was slowly reduced. The minimum pressure for blocking the pressurized
air without the leakage was recorded as VCP for each fluidic pressure. As the fluidic pressure increased, the
pneumatic pressure increased for closing the valve with a linear relationship. Additionally, the tested valves showed 
the small deviations to block the air flow at the same fluidic pressure, enabling a stable valve operation when the 
developed valve would be applied to the device with multiple valves. 

Pumping performance characterization

The monolithic micropump with the PP membrane was implemented by sequentially operating 2 valves and 1 
chamber. Also, the result was characterized in comparison to the PDMS-membrane micropump. Since the membrane 
deflection and the pumping volume were dependant on the pump size, two sizes of pump with dimensions of 1 mm 
by 2mm and 1.3 mm by 2.6 were tested. Figure 4 shows sequential pictures of reagent movement by the membrane 
micropump. The developed micropump resulted in the reagent flow to the reservoir which had cross-sectional 
dimensions of 1 mm wide and 0.7 mm high. The reagent with 3.5 ul volume was successfully delivered to the 
reservoir within 30 seconds, which was desirable pumping rate for microfluidic LOC applications. 

As plotted in figure 3 (b), the pumping volumes of the PP device were compared to the PDMS device according 
to the pumping cycle. Because the elasticity of PP film was lower than the PDMS, the membrane deflection of PP 
film was smaller than the PDMS at the same pneumatic pressure. Thus, the pumping rate of the PP film micropump 
was lower than the one with PDMS. However, the large diameter of pump caused the higher pumping rate, because 
the pumping volume was dependant to the diameter of the membrane. In addition, even though the PDMS membrane 
was more easily deflected than the PP membrane, the membrane deflection was limited by the height of the chamber
pattern. As depicted in Figure 3 (b), the PP-film pump provided 60 % of pumping rate than the PDMS-film pump at 
200 kPa of the pneumatic pressure. 

Conclusions
In this work, the monolithic microvalve and pump have been developed with PP membrane and PMMA substrate 

by the UV/O3 assisted fusion bonding technique. Because the material price of PP and PMMA is very low and the 
fabrication process is simple and inexpensive, the highly functional Lab-on-a-chip can be produced in a low-cost 
manner. In addition, the PP-PMMA device demonstrated comparable valving and pumping performance with 
PDMS-glass device. As a result, the developed device is very desirable to implement various applications of polymer
LOC such as a disposable type of device for clinical diagnosis.
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Fig. 4. Operation images of the PP-membrane micropump to a reservoir (3mm scale bar)
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ABSTRACTABSTRACTABSTRACTABSTRACT
The regulation of proteins adsorption on solid surface is crucial to the development of devices for micro total

analysis system ( µTAS). This study is aiming for the dynamic surface conversion on a solid platform through
laser-assisted ablation in aqueous solution. When femtosecond laser pulses (800 nm, 1 kHz, 200-500 nJ/pulse) was
focused on the glass platform coated with protein-phobic polymers, the resulting ablation would reveal the bare glass
surface that is protein-philic. Since the conversion would allow patterning of proteins under aqueous conditions,
including physiologically buffered one, the method is suitable for pattering functional proteins with minimal damage.
We have successfully applied the method in patterning extracellular matrix (ECM) proteins and culturing living cells
on the patterned surface in a controlled spatiotemporal manner according to the designed pattern. We believe the
method will uniquely contribute to the development of functional protein based cytology devices.

KEYWORDSKEYWORDSKEYWORDSKEYWORDS

Photo-dynamic surface conversion, femtosecond laser, ECM, protein array, cell array.

INTRODUCTIONINTRODUCTIONINTRODUCTIONINTRODUCTION
The recent growing interest in microarray devices has motivated much research in related biological

applications, such as genome and proteome analysis.[1] Along the same line, living cells can also be arrayed on
microfabricated cytophilic small domains on a cytophobic surface.[2] Cell adhesion is mediated by the ECM
proteins e.g. collagen, laminin, fibronectin and so on. Some cells, such as neurons, require specific proteins for
attaching to solid surface.[3] Accordingly, due to the complexity of protein mediated cell adhesion, controlling
proteins adsorption on solid surface is essential to develop µTAS devices that are fabricated by patterning proteins
and living cells. In forming patterns of proteins on solid surfaces, protein-philic surfaces must be differentiated from
protein-phobic ones. A number of fabrication processes of patterns of protein-phobic and protein-philic have been
developed for such purposes, including laser processing, microstamping, inkjet printing, and photolithography
processing.[2] In contrast to these conventional
patterning methods, our patterning approach is
applicable in situ under aqueous condition. It is based
on lithography techniques using femtosecond laser (fs
laser) to convert effectively the characteristics of solid
surface.[4]

In this paper, this method is further improved to
convert the surface dynamically from protein-phobic
to protein-philic and to replace an adsorbed protein to
other ones under physiological condition. The method
was successfully applied to ECM patterning, resulting
enhancement of cell adhesion on designed small
domains on the platform (Figure 1). All processing
could be completed during a series of culturing in the
medium. The in situ replacement of ECM has also
been demonstrated under aqueous condition.

EXPERIMENTEXPERIMENTEXPERIMENTEXPERIMENT
The glass substrate was covered with a copolymer of 2-methacryloyloxyethylphosphorylcholine (MPC polymer)

that prevents nonspecific adsorption of proteins onto solids. To demonstrate our surface conversion, selected
nanoparticles Q-dots having polyethyleneglycol (neutral), carboxyl (acidic), and amino residues (basic) on the
surfaces were firstly tested with laser-irradiated MPC-polymer glass (Figure 2). The intact MPC-polymer surface did
not adsorb any type of Q-dots. For comparison, the laser-irradiated surface adsorbed the amino Q-dots well, while
the same surface adsorbed the neutral Q-dot slightly and hardly the carboxyl Q-dot. The laser-treated surface is now

Fig.1. Schematic illustrations of ECM patterning and
cell adhesion. AAAA) The surface of small domain
changes from protein-phobic to protein-philic by fs
laser light. BBBB) ECM in the medium is adsorbed on the
protein-philic domain to ensure the cell adhesion.
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interacting with amino Q-dots that have basic charges on the surface.
The chemicals on the surface were analyzed by X-ray photoelectron spectroscopy (XPS) (Table 1). Si was not

detected on the surface covered with MPC polymer while its composition on glass surface was 31.4% (molecular
ratio). The Si composition was recovered to 15.7% on the laser-drawn domain. In contrast, the carbon was decreased
from 62.4 to 34.8% at fs laser-drawn domains. The XPS showed 44-50% MPC polymer surface disappears. XPS
reveals the laser ablates MPC-polymer to bare the grass surface. It is well known the glass surface has silanol
residues being slightly negatively charged. Accordingly, the fs-laser peels the MPC-polymer to allow interaction
with the surface and particles of amino Q-dot.

The method was applied to create patterns of ECM proteins on a transparent glass that was covered with MPC
polymer (Figure 3). Two types of ECMs were prepared, which were collagen and laminin conjugated with Alexa
Fluore 488 and 555, respectively. The fs laser-irradiated platform was then treated with fluorescence-conjugated
collagen to differentiate the treated domain from the surrounding. The strong fluorescence was detected from the
laser treated domain (A). Since surrounding MPC polymer area did not emit fluorescence, it was proved that the
laser converted the protein-phobic to protein-philic
surface. The fs laser was again focused onto the
collagen-adsorbed domain and the substrate was
incubated in laminin solution. The fluorescence from
the laminin was emitted from the ablated area (B). The
fluorescence area at laminin was clearly distinguished
from collagen area. This observation indicates that our
fs-laser-based dynamic surface-conversion technique
can create various domains covered with a variety of
ECMs. Furthermore, the domain once covered with
ECM can be dynamically converted to the surface with
a different ECM spatiotemporally.

Finally, we have demonstrated the patterning of
living cells (Figure 4). Gelatine was used to assist the
cell adhesion during laser treatment. When normal
human keratinocyte (NHK) was seeded on the
platform, NHK adhered to the laser-drawn area (A).
Another laser-drawn area was created adjacent to the
former area (B). A HeLa cell adhered to the newly
drawn area. The NHA adhered hardly on the laser
drawn-area when the gelatine was not included in
medium. Hence the results indicate our laser-assisted
ECM-patterning procedure is an indispensable method
for cell arraying.

CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS
The MPC polymer is immobilized on the solid surface by physisorption. Accordingly the fs laser ablation

removes the polymer under aqueous condition. The proteins (e.g. collagen, laminin, gelatine) then attach to the
ablated domains. This fs laser-based surface-conversion is applicable to many surfaces. The protein-phobic organic
materials, e.g. perfluoroalkyl and alkane residues, that are chemically immobilized to solid surface can be
photochemically modified to protein-philic surface by fs laser irradiation.[4,5]

The unique advantage of our method is that the protein coated surface can be converted dynamically to other
protein coated surface repeatedly under physiological conditions. Applying the surface conversion, various cells
have efficiently arranged on the destined area, because the receptors on cells identify the ECM molecules to

A)A)A)A) B)B)B)B) C)C)C)C)

Fig. 2. Fluorescence micrographs of fs-laser
treated surface after incubated with AAAA) amino,
BBBB) neutral, and CCCC) carboxyl Q-dots. The fs
laser (800 nm, 120 fs, 1 kHz, 0.5 mW) was
focused onto the glass covered with MPC
polymer.

Table 1. Surface analysis

 Surface amount / mol% 
Laser (-)       Laser (+)      Glass

C 1s 284.8 34.8 17.3 6.0
286.2 20.5 12.2 0
288.6 7.1 4.5 0.9
291.0 0 0.4 0
293.4 0 0.4 0

N 1s 402.2 2.7 2.0 0.1
O 1s 529.8 3.3 0 0

532.1 26.4 45.3 61.6
P 2p 133.4 5.2 2.2 0
Si 2p 102.8 0 15.7 31.4

Elements Binding energy / eV

Figure 3. Multiple ECM patterning by fs laser.
Green and red colours were obtained from collagen
conjugated with Alexa Fluor 488 and laminin
conjugated with Alexa Fluor 555, respectively.
Micrographs A) and B) are taken from the plates
after fs laser treated and incubated with collagen,
after laser treated again on the collagen adsorbed
domain and laminin treated, respectively. The fs
laser (0.5 mW) was irradiated 1 µm pitches intervals
to create every domain.

A)A)A)A) B)B)B)B)

20 20 20 20 µµµµmmmmFirst laser-drawn areaFirst laser-drawn areaFirst laser-drawn areaFirst laser-drawn area
Second laser-drawn area on Second laser-drawn area on Second laser-drawn area on Second laser-drawn area on 
the collagen-adsorbed areathe collagen-adsorbed areathe collagen-adsorbed areathe collagen-adsorbed area
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complete cell adhesion. Since it is
possible to create a substrate possessing
different ECMs, we will then be able to
array and co-culture cells requiring
different ECMs. We believe our method
will contribute uniquely to the study of
the many cellular processes relating to
cell division, differentiation, and
migration. This technique will be highly
valuable to develop protein and
living-cell based devices.
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Figure 4. Arrangement of different kind of cells on a glass.
Single NHA was placed on a laser treated domain (A) and next
the new domain was created adjacent to NHK domain to adhere
HeLa cell (B). The each cytophilic domains (50 × 50 µm) were
created by applying fs laser (0.5 mW) with 2 µm pitches intervals.

A)A)A)A) B)B)B)B)

Cytophilic domainCytophilic domainCytophilic domainCytophilic domain New cytophilic domainNew cytophilic domainNew cytophilic domainNew cytophilic domain
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OFF-STOICHIOMETRY THIOL-ENE EPOXY, OSTE(+) 
Here, we introduce two new polymer formulations: 1) OSTE(+) TGIC, which consists of thiol (Pentaerythritol 

tetrakis (2-mercaptoacetate)), allyl (triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione) and epoxy (Tris(2,3-epoxypropyl) 
isocyanurate) monomers at a stoichiometric ratio of 1/1.4/0.4; and 2) OSTE(+) BADGE, where the epoxy in 1) is 
changed for BisphenolA diglycidylether (BADGE) at a stoichiometric ratio of 1/1.8/0.8. In the dual cure process 
employed, the thiol and allyl react readily via an alternating radical copolymerization initiated via Lucirin TPO 
(BASF) and 400nm UV-light (Fig. 1A), while the thiol and epoxy react readily at slightly elevated temperatures 
(37°C) via an alternating anionic polymerization mechanism initiated by a strong base (DBN: 
1,5-diazabicyclo[4.3.0]non-5-ene), see Fig. 1B. 
 
FABRICATION 

We fabricated demonstrators with 30 µm wide microfluidic channels in OSTE(+) BADGE materials by soft 
lithography on PDMS molds (Fig. 2). The structures were UV cured (365 nm, 2 minutes at 6 mW/cm2) and the 
polymerized OSTE(+) was demolded. 
 

 
Figure 2: The fabrication steps for the fluidic devices 

 
After this first cure, a first and second batch of OSTE(+) structures were dry bonded by simply contacting them 

to native surfaces (which has been cleaned with isopropanol) of Si, glass, BCB, PDMS, Al and Cu (first batch) and 
Cyclic Olefin Copolymer (COC) 6017 from Topas, COC with 100 nm evaporated TiO2 coating and COC with 
KMPR 1025 resist coating (second batch). The PDMS (1:30 Sylgard 184) was bonded at room temperature to 
OSTE(+) via thiol-vinylsiloxane UV-initiated curing at 254nm. The structures were thereafter left for the second 
cure to take place: 2 hours at room temperature for batch 1, and 24 hours at 37°C for batch 2. 

 
EVALUATION 

Burst pressure measurement were performed: 1) under boiling water (100 °C) on an OSTE(+) TGIC – Al bonded 
sample; and 2) at ambient conditions on an OSTE(+) BADGE – COC bonded sample (Fig. 3). Both samples had a 15 
mm diameter, were 1 mm thick and contained a 2 mm diameter hole on which a ramping pressure was applied. Both 
tests revealed a bond burst pressure in excess of 3 bars. To test the bond quality, all channels were capillarily filled with 
dyed water and were found to be leak tight (Fig. 4). 

 

 
Figure 3: The experimental set up for the burst pressure of OSTE(+) at 100°C 
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Figure 4: Batch 1 - Leakage tests using different substrates with OSTE(+) polymer channel width of 30µm. (A) Si,  
(B) Glass, (C) Al, (D) PDMS with 30% excess, (E) Cu and (F) PCB. Batch 2 - (G) Leakage tests using COC as the 
substrate. Bonding condition was at 37°C and cured for 24 hours.(H) COC and TiO2 and (I) COC and KMPR 1025. 
 
CONCLUSIONS 

We demonstrate a novel OSTE(+) polymer which effectively bonds to nine dissimilar types of substrates, requires 
no surface treatment prior to the bonding at room temperature, features high Tg, and achieves good bonding strength to 
at least 100°C. Uniquely, strong bonding is achieved to COC, the thermoplastic of choice for microfluidics, which 
opens up the possibility of hybrid thermoplastic/OSTE(+) LoCs. 
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PDMS MICROCHIP ELECTROPHORESIS WITH HIGH SEPARATION 
EFFICIENCY BY SIMPLE AND QUICK MODIFICATION OF 

PHOSPHOLIPID POLYMER 
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ABSTRACT 

This paper reports the high separation efficiency zone-electrophoresis of proteins in poly(dimethylsiloxane) 
(PDMS) microchip coated with the physically adsorbed phospholipid polymer, poly(2-methacryloyloxyethyl 
phosphorylcholine (MPC)-co-3-(methacryloyloxy)propyltris(trimethylsiloxy)silane (MPTSSi)) (PMMSi), using the 
simple and quick dip coating method. High suppression of protein adsorption and reduction of electroosmotic flow (EOF) 
were achieved by increasing hydrophilicity, and decreasing the surface -potential of PDMS microchannels. Furthermore, 
proteins were completely separated within 30 seconds. It was confirmed that the durable and reproducible membrane of 
PMMSi could be formed on the PDMS surface, and it was applied for microchip electrophoresis (MCE) with high 
separation efficiency. 
 
KEYWORDS 
Microchip electrophoresis, PDMS, Phospholipid polymer, Surface modification. 
 
INTRODUCTION 

Electrophoresis is an effective technique for 
separation of DNA and proteins. In particular, 
microchip electrophoresis (MCE) has been popular 
because it can quickly analyze with small sample 
volumes and simultaneously diagnose several samples. 
Poly(dimethylsiloxane) (PDMS) has been widely used 
for polymeric material of microchip because of its 
excellent biocompatibility, chemical stability, optical 
transparency, non-toxicity, and ease of fabrication.  

However, the surface of PDMS is hydrophobic in its natural state, which leads to the adsorption of hydrophobic and 
biological samples such as proteins, peptides and DNA. The surface of PDMS also has negative charges, which cause 
adsorption of cationic samples through electrostatic interaction and generate unstable and strong electroosmotic flow 
(EOF). These factors are the common causes of deterioration in separation performance and detection sensitivity of MCE. 
The surface modification of PDMS is required to overcome these problems. However, there have not been reports on 
PDMS modification methods which contain all the ideal features for suppressing protein adsorption: the reduction of 
EOF, high durability, high reproducibility, simplicity and quickness of implementation. Simple and quick methods are 
required for the mass production of surface-modified PDMS microchip devices. Therefore, we aimed at the development 
of PDMS MCE with high separation efficiency by simple and quick modification of a phospholipid polymer. 
Phospholipid polymer has a phosphorylcholine group in the polymer side chains and it is one of the well-known 
hydrophilic and anti-fouling materials [1].  

In this research, we developed the optimal molecular design of an amphiphilic phospholipid polymer composed of 
the phosphorylcholine moiety for decreasing the protein adsorption and the siloxane moiety for modifying a PMDS 
surface by use of polar solvents. Figure 1 shows the chemical structure of synthesized PMMSi30. PMMSi30 is reported 
as a coating material for PDMS using a polar solvent [2]. We evaluated the properties of PDMS surface coated with 
PMMSi30 by wettability, -potential, and the coherent stability between PMMSi30 and PDMS. We confirmed the 
suppression of protein adsorption and reduction of EOF in PDMS microchips coated with PMMSi30. Electrophoresis of 
uranine was demonstrated using PMMSi30-coated PDMS microchip with high repeatability and reproducibility. 
Separation of two proteins (BSA and insulin) was also investigated with and without the surface modification. Results 
indicated that proteins were completely separated in the PMMSi30-coated PDMS microchip, which performed with high 
separation efficiency. 

Figure 1. Chemical structure of PMMSi30. Figure 1. Chemical structure of PMMSi30
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EXPERIMENT 
PMMSi30 was synthesized by the typical radical polymerization 

(MPC : MPTSSi = 3 : 7) (Figure 1). PMMSi30 was dissolved in ethanol 
at 30 mg/mL and modified by simply dipping PDMS elastomer in the 
polymer solution for 10 min and drying in the atmosphere.  

To investigate the hydrophilicity of PDMS elastomer coated with 
each polymer, static contact angle of air bubble in water was measured. In 
this system, the contact angle of a hydrophobic surface becomes low, 
while that of a hydrophilic surface becomes large.  

The air contact angle of PMMSi30-coated PDMS surfaces changed 
to approximately 150° from 80° of the native PDMS surface. Thus, we 
were able to confirm that the surface of PDMS elastomer converted from 
hydrophobic to hydrophilic by means of this simple and quick physical 
modification method. 

ATR-FTIR spectra of bare PDMS and PDMS coated with PMMSi30 
surfaces was obtained to determine whether the PMMSi30 was 
successfully modified on PDMS surface or not. As shown in Figure 3, 
ATR-FTIR result of the bare PDMS elastomer exhibited no absorption 
around 1720 cm-1 (C=O peak), while results of PDMS elastomers coated 
with PMMSi30 had 1720 cm-1 peaks. This was an indication that the 
polymer membrane was successfully formed on the PDMS elastomer. The 
presence of polymer membrane on PDMS surface also indicated its 
stability in water because PDMS elastomers coated with PMMSi30 had 
aged in water for 1 h.  

The surface -potential of PDMS elastomer coated with PMMSi30 
was measured in 10 mM NaCl solution condition using an electrophoretic 
light-scattering spectrophotometer. PDMS elastomer of dimensions 30 × 
30 × 2 mm3 was used. The measurement was taken 3 times per sample. 
The -potential of the PDMS surface changed from -31.3 ± 2.1 mV to 
-5.4 ± 2.3 mV after PMMSi30 coating. These results suggested that 
coating with PMMSi would reduce the EOF within the PDMS 
microchannel. 

For modification of PDMS microchannel, PMMSi30 solution was 
injected through the inlet hole into the microchannel until it was filled. 
After 10 min, the polymer solution was pumped out from the 
microchannel. The microchannel was then dried under vacuum for 30 
min. The dried samples were aged in a buffer for 30 min before taking 
measurements. The microchannel (Figure 2a) was filled with the protein 
solution (4.5 mg/mL FITC-labeled BSA in PBS) and aged for 30 min. 
Next, the microchannel was washed with fresh PBS to remove the 
protein solution. Then the microchannel was naturally dried in a clean 
box. Finally, the microchannel was observed using a fluorescence 
microscope at an exposure level of 1/3.5 s. Figure 4 shows the relative 
fluorescence intensity of microchannel after the protein adsorption test 
using the FITC-labeled BSA solution. As expected, compared with bare 
PDMS that collected significant amount of proteins, the relative intensity 
of the PDMS coated with PMMSi30 was significantly decreased almost to the background level. Thus, we confirmed that 
nonspecific protein adsorption can be effectively suppressed by PMMSi30 coating.  

In order to evaluate the durability of PMMSi30 membrane onto PDMS, MCE was performed in the 
PMMSi30-coated PDMS microchannel (Figure 2b) using uranine. In this experiment we used 10mM HEPES buffer (pH 
7.0) solution. The measurement was repeated 10 times on the same PDMS microchip. The RSD of the durability of 

Figure 2. The schematics of PDMS 
microchips for (a) protein adsorption 
test and EOF measurement and (b) 
electrophoresis. Height: 50 m. 

Figure 4. The relative fluorescence 
intensity of bare PDMS microchannel and 
PMMSi30-coated PDMS microchannel, 
obtained after the FITC-labeled BSA 
adsorption test.  

Figure 3. ATR-FTIR spectra of (a) 
PDMS coated with PMMSi30, and 
(b) bare PDMS. 

Figure 2. The schematics of PDMS 
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PMMSi30 membrane in the MCE of uranine was 8.2% (n=10), indicating high durability of surface modification of 
PDMS, while bare PDMS chip could not be used for the duplicate measurement. The MCE of uranine on 5 pieces of 
PDMS microchip coated with PMMSi30 was performed to confirm the reproducibility of the polymer coating. The RSD 
was 4.1 %. We confirmed that the physical coating method of PMMSi30 on PDMS microchannel was a highly 
reproducible method for PDMS surface modification. EOF mobility was also calculated by the MCE of uranine. In this 
measurement, EOF mobility, eof , was calculated according to the following equation (Eq. 1).   

             
   

   

   
                 (1) 

2.9×10-4 is electrophoretic mobility of uranine. l is effective separation length. L is separation length. t is the 
migration time of uranine. V is electric potential of separation channel, respectively. The average value of EOF mobility 
of the PDMS microchannel coated with PMMSi30 was 1.4×10-4 cm2V-1s-1. In bare PDMS microchannel, EOF mobility is 
5.7×10-4 cm2V-1s-1. Therefore, successful suppression of EOF mobility within PMMSi30-coated PDMS microchannel 
was confirmed. 

The MCE of the mixture of two proteins was carried out using 
the microchannel (Figure 2b). Two proteins were BSA (MW = 44 kDa, 
pI = 4.7) and insulin (MW =6.0 kDa, pI = 5.3). 10mM HEPES buffer 
(pH 7.0) was used as the running buffer. The separation microchannel 
length was 30 mm and the effective separation length was 10 mm. The 
voltages, V1, V2, V3, and V4 were adjusted according to each 
measurement (Figure 5). As illustrated in Figure 5(a, b), two 
symmetric peaks were observed on the MCE of the PMMSi30-coated 
PDMS microchannel, while only one peak was detected for the bare 
PDMS microchannel. In addition, the peak broadening occurred with 
the bare PDMS microchannel. This is because the hydrophobic 
interaction between proteins and PDMS resulted in the nonspecific 
protein adsorption. Also, the unstable EOF mobility due to protein 
adsorption might be one of the factors that resulted in the detection of 
only one peak. We calculated the separation factors of the MCE of the 
PMMS30-coated PDMS. Plate numbers were 2.0×103 for BSA and 
2.3×103 for insulin. RS (resolution) was 3.8. AS (asymmetry factor) was 
1.0 for BSA and 1.1 for insulin. Thus, it was confirmed that BSA and 
insulin were completely separated with high separation efficiency due 
to the suppression of protein adsorption and the reduction and 
stabilization of EOF. It was strongly suggested that zone 
electrophoresis in PDMS microchip coated with PMMSi30 has high 
repeatability on the same chip, high reproducibility of each microchip 
modification, and high separation efficiency of protein electrophoresis. 

In conclusions, we developed the simple and quick modification 
method using PMMSi30. The high separation efficiency of the 
PMMSi30-coated PDMS-MCE was achieved by means of high 
suppression of nonspecific protein adsorption and reduction of EOF. 
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Figure 5. Electropherograms of 0.5 mg/mL 
BSA and insulin on (a) PMMSi30-coated 
PDMS microchip and (b) bare PDMS 
microchip. Conditions for (a): buffer: 10mM 
HEPES (pH 7.0); injection voltage: V1= 0, 
V2 = 0.5, V3 = 0.1, V4 = 0 [kV] for 60 s; 
separation voltage: V1= 0.7, V2 = 0.7, V3 = 
0, V4 = 1.5 [kV]. Conditions for (b): buffer: 
10mM HEPES (pH 7.0); injection voltage: 
V1= 0.5, V2 = 0, V3 = 0.1, V4 = 0 [kV] for 60 
s; separation voltage: V1= 0.7, V2 = 0.7, V3 
= 1.5, V4 = 0 [kV] 
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ABSTRACT

The developed bio-field effect transistor (BioFET) consists in nano-silver ink printed source and drain electrodes, a
polymeric organic semiconductor, dielectric layer based on methyl methacrylate (MMA) and finally the reference elec-
trode of silver-silver chloride ink. The thickness of the dielectric layer was optimized and characterized by Scanning 
Electron Microscopy (SEM) and by electrical measurements to characterize the dielectric breakdown and the semicon-
ductor dielectric interface. The electrical characterization was also performed using different electrolytic solutions. Final-
ly some preliminary results about the FET functionalization onto dielectric layer so as to obtain a BioFET are shown.

KEYWORDS: Inkjet, organic transistor, biosensor, BioFET, EISFET, surface functionalization, protein.

INTRODUCTION

The development of Organic Thin Film Transistors (OTFTs) has opened an interesting research field in biosensing 
applications by replacing the gate by an electrolyte and a reference electrode [1]. By functionalizing this field effect tran-
sistor (FET) with biological materials, a BioFET is obtained. The main advantage of this FET based biosensor is the pos-
sibility to get an all-integrated, portable and low cost system, compatible with the “single-use sensor” concept. In addi-
tion, these devices generally are fabricated by photolithography methods that require expensive masks and cleaning room 
facilities. To overcome these issues an inkjet based FET for biosensing applications is proposed.

BioFETs to be used as biomedical devices require specific interactions between biological molecules used as recep-
tors and the analyte contained in the sample fluid. Up to date the fabrication of such biosensors has involved the assem-
bly of many parts making them expensive and non-reproducible. Recently, the production of BioFETs has moved to fab-
rication and production processes with high throughput and integration level. Indeed traditional silicon-based 
semiconductor electronics tend to be replaced by organic, hybrid and flexible printed electronic methodologies. Between 
examples of biosensors fabricated with these new technologies are the development of electrochemical biosensor based 
on gold electrodes by inkjet printing onto polyimide (PI) substrate, for detection of a cancer biomarker such as interleu-
kin-6 (IL-6) in serum [2]. Organic field effect transistors are also used for glucose detection. A simple poly(3,4.ethylene 
dioxythiophene)/poly(styrene sulfonic acid) based transistor was used for glucose detection through a mechanism that in-
volves sensing of hydrogen peroxide [3].

Regarding the deposition of organic materials [4] several technologies such as inkjet-printing, screen-printing, micro 
contact-printing, gravure and flexography beside lithography’s such as scanning probe, photo and e-beam and laser print-
ing are already known. Between these various deposition technologies, inkjet printing has become one of the most prom-
ising techniques capable of manufacturing devices by using small volumes of ink, in a rapid and additive procedure, 
achieving high pattern precision and resolution with greater reproducibility. This method doesn’t require any mask which 
makes it easier and cheaper in comparison to other ones [5].

The purpose of this work is to develop a simple, low cost and miniaturized BioFET to determine biomarkers (i.e. for 
Alzheimer, cancer etc.) based on the use of specific antibodies immobilized onto the transducer surface of a field effect 
transistor. The quick and sensible detection of biomarkers in a point-of-care application will allow an early diagnosis 
achieving prompt treatments of patients.

PRINCIPLE OF BIOFET OPERATION

BioFET is based on the electrolyte–insulator–semiconductor field-effect transistor (EISFET) that provides means of 
electrical detecting of biomolecular interactions by the capacitive coupling between interacting species and the organic 
semiconductor. A simplified scheme of the BioFET is shown in Figure 1. It consists of a conventional FET structure that 
includes source, drain and gate. However, in the BioFET, the gate contact is replaced by an electrolytic solution, an anti-
body-protein conjugate and a reference electrode. The amount of accumulated charge on the dielectric gate in the BioFET 
can result in an increase (or decrease) of the Source-Drain current. This would create variations in the transistor respons-
es (I-V curves) that are proportional to the amount of the introduced charge. If the change of the electrical charge is relat-
ed to the interaction between biological molecules, then it can be used to monitor this process quite effectively and with 
very high sensitivity.
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Figure 1. Scheme of BioFET components (A), and top and side views (B) representing each layer of the BioFET
including a picture of the flexible printed device.

RESULTS AND DISCUSSIONS

Homemade BioFETs were fabricated by using an R&D inkjet printing machine (Dimatix DMP2831) which especially 
printed the silver contacts and the semiconductive layer (OSC layer), Figure 2B. The dielectric layer was obtained by an 
optimized deposition of methyl methacrylate (MMA) using spin coating process (Figure 2A). I-V results were obtained 
for different number of layers as well as their thickness, in order to select the properly thickness to decrease the current 
leakages (Figure 2C and 2D).

Figure 2. Dielectric layer studies that include thickness optimization (A), SEM images of the various layers are al-
so shown (B), dielectric rupture studies (C), and study of current at different dielectric thickness (D).

MMA functionalization allowing the immobilization of proteins onto gate surface was performed. It consists in plas-
ma oxidation of the MMA layer followed by an incubation using 3-aminopropyltriethoxysilane (APTES). Different con-
centrations of amino-groups were compared and characterized by colorimetric method for quantification of amine groups 
by using acid orange II dye (Figure 3A). 1% of APTES was chosen as a suitable concentration that does not affect the 
physical properties of the material, obtaining an adhesion of 0.18 µM.cm2 amine groups. Fluorescence characterization of 
the bovine serum albumin (BSA) labeled with a fluorophore (ALEXA 555) by using epifluorescence microscope con-
firmed the selective adhesion of the analyte onto the device (Figure 3B). Atomic Force Microscopy (AFM) study was al-
so performed. AFM images (Figure 3C) show a clear phase change and roughness increase after APTES and BSA immo-
bilization.

Figure 3. MMA layer functionalization. Absorbance studies at different APTES percentages, equivalent to 0, 0.13, 
0.18, 0.24, and 0.41 µM/cm2 (A), Fluorescence images (B), and Phase-atomic force microscopy (AFM) images (C).
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    To evaluate the detection of the immobilized protein BSA [1µg/mL], two kinds of capacitive structures were fabricat-
ed. The structures are based on buffer electrolyte PBS / MMA dielectric functionalized / semiconductor with and without  
BSA protein onto the dielectric surface. The capacitance-voltage (C-V) measurements were performed at 1kHz frequency 
at room temperature. This technique allows to know the response of surface states, surface accumulation and layer thick-
ness beside others [6]. Figure 4A shows the C-V characteristics of electrolyte-insulator-semiconductor for the case of (a) 
structure functionalized and (b) structure functionalized with immobilized protein BSA. The capacitance depends on bias 
voltage and have three regions of accumulation-depletion-inversion indicating the modulation of the carriers. The capaci-
tance remains constant under forward bias, although above the threshold gradually increases to reach the maximum peak 
value and then decreases with a higher bias. This phenomena is explained by short-circuited parallel capacitance and it is 
based on the model RC circuit. As shown in Figure 4A a significant difference of peak heights of capacitance for (a) and 
(b) is observed. The capacitance ranges from 100nF to 280nF with low variability for different devices shown in Figure 
4B. Confocal and interferometry images are shown in Figure 4C with (a) functionalization and (b) with immobilized pro-
tein structures. Surface of immobilized protein shows a higher roughness comparatively to the functionalized. The high 
scale values compared to AFM images (1x1 µm2) is due to large area (600x400 µm2) taken by the confocal.    
 
 
 
 
 
 
 

 
 
 
 

Figure 4. Capacitance-voltage with electrolyte (PBS) onto dielectric-semiconductive-conductive structure func-
tionalized with APTES 1% (a) and functionalized with immobilized protein BSA [1µg/mL](b); Characteristic 

curves (A), repeatability with different devices (B), and confocal images with functionalization and with immobi-
lized protein (C). 

      
CONCLUSIONS 

 
An all integrated and functional BioFET by using organic materials mostly deposited by inkjet technology and spin-

coating was designed and fabricated. Characterizations of the deposited layers by using SEM and profilometry were per-
formed. Dielectric rupture evaluation at different thicknesses (one and two layers of MMA dielectric layer) was also per-
formed. MMA surface functionalization (with interest for future biological applications) study through colorometric as-
say to determine the quantity of amine groups onto FET surface, fluorescence measurements and AFM images to confirm 
the selective adhesion of proteins onto BioFET surface were also carried out. Detection of the immobilized protein BSA 
was performed by means of C-V measurement. Moreover, we present the repeatability with different devices. Finally, 
confocal and interferometry images was undertaken to assess the roughness of functionalized and immobilized protein 
structures.    
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PIEZOELECTRIC MICROMIXER USING A SWIRLING MOTION  
Tomoaki Mashimo1, Ryota Shibuya1, and Kazuhiko Terashima1

1Toyohashi University of Technology, Japan 

ABSTRACT 
We propose a piezoelectric micromixer that generates the unidirectional rotation of a liquid inside the hole of a 

metallic cube, the side length of which is a few millimeters. The simple cubic structure of the micromixer is easy to 
be fabricated and the miniature size is suited for portable medical devices. In this report, we built the prototype of 
the micromixer comprised of a metallic cube (a side length of 5 mm) with a hole (diameter of 3 mm). The prototype 
generated water movement of 5 rps inside the hole by applying AC voltages of 60 Vp-p and 275 kHz in experiment. 
 
KEYWORDS 

Piezoelectric Actuator, Ultrasonics, MicroTAS, Lab on a chip, CFD analysis 
 

INTRODUCTION
A technology that mixes a few drops of a liquid is required for Micro 

Total Analysis Systems (μTAS) and Lab on a Chip [1-3]. The use of a 
micromixer has advantages such as small amounts of sample and reagent, 
short time reaction, lower cost and high throughput, especially in the field 
of analytical chemistry and life science. Principles of active mixing are 
proposed, such as pressure difference, ultrasonic [4], acoustic [3], 
electrokinetic [5], magneto-hydrodynamic [6], and micro magnetic stirrer 
bar [7]. These devices are succeeded in mixing a small amount of a liquid, 
but the structure of the devices is complicated.  

We propose a piezoelectric micromixer that generates the 
unidirectional rotation of a liquid inside a hole of a metallic cube, the side 
length of which is a few millimeters (Figure 1). The rotation mixing is 
one of the most efficient and uniform method for mixing a liquid; in fact, 
practical devices uses rotation as a mixing method, such as a magnetic 
stirrer. The micromixer comprises of a metallic cube with a through-hole 
and four piezoelectric elements are bonded to four sides. When AC voltages are applied to the piezoelectric elements, 
the liquid filled in the hole is rotated by the vibration of the piezoelectric elements. The advantages of the 
micromixer are: (1) the structure is very simple and miniature. The simplicity is easy to be fabricated and the 
miniature shape is suited for portable devices (2) The micromixer can rotate a liquid through a plastic wall as long as 
the inside of the micromixer and the plastic wall are contacted. Operators can replace a plastic cell easily and the use 
of cells prevents a contamination. 
 
DRIVING PRINCIPLE 

The proposed micromixer uses a first bending vibration 
mode [8] that bends the center axis of the through-hole. When 
two first bending vibration modes with a temporal phase 
difference of π/2 degrees are generated as shown in Figure 2, 
the center hole generates a unidirectional swirling motion 
(counterclockwise direction from the top view). This swirling 
motion transfers a mechanical energy to a liquid by a 
viscosity and the liquid rotates circumferentially. This driving 
principle has been used for driving a micro piezoelectric 
actuator [9].  

When an AC voltage with the natural frequency of the 
vibration mode is applied to a piezoelectric element, the first 
bending vibration mode is excited by expansion and 
contraction of the piezoelectric element. To rotate the liquid inside the micromixer, two AC voltages with temporal 
phase distance of π/2 are applied: )2sin(1 tfAE r  and )22sin(2   tfAE r , where A is amplitude, fr is 
frequency of the AC voltages. Also, fr is the natural frequency that excites the first bending vibration mode.  
 
COMPUTATIONAL ANALYSIS 

The natural frequency of the first bending vibration mode is clarified by finite element method (FEM) modal 
analysis, and the flow of the liquid is estimated by a computational fluid dynamics (CFD) analysis. Figure 3 shows 
the design of the micromixer and the mesh model of a modal analysis. The shape of the micromixer is a cube with 
side length of 5 mm with a through-hole of 3 mm at the center. The model parameters for the analysis are those of a 
phosphor bronze (Young’s modulus 113 GPa, Density 8.81×103 kg/m3, Poisson ratio 0.34) In the result, the first 
bending vibration mode occurred at approximately 250 kHz.  

The CFD analysis software (Flow-3D, FLOW SCIENCE Inc) is used for estimating a flow generated by the 

Figure 1. Piezoelectric micromixer 

2

1

4

3 

Figure 2. Driving principle 
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micromixer. In the analysis, forces that correspond to the two AC voltages are applied to the sides of the micromixer. 
(The high frequency makes the computation time long, so the frequency of the applied force is 140 Hz in the 
simulation.) A liquid (water) is filled in the through-hole and a particle floats on the water surface. Figure 4 shows 
that a particle rotates counterclockwise on the water surface in the 3-mm hole during 2.0 to 2.5 s from the start. 
 
PROTOTYPE MICROMIXER & EXPERIMENTAL 

The micromixer was built as shown in Figure 1. Four piezoelectric elements are bonded to the sides. A ground line 
is connected to the metallic body by a conductive adhesive. A transparent slide glass is bonded to the bottom of the 
micromixer by a flexible adhesive to prevent a leak of a liquid.  

An impedance characteristic clarifies the resonant frequency of the prototype. Figure 5 shows the frequency 
response of the impedance measured by a LCR meter (3532-50, Hioki E. E. Corp.). A resonance (sharp change of the 
impedance) is observed at approximately 275 kHz. The error between the FEM estimation and the measurement 
result is about 10%. The value of the bottom peak is approximately 0.5 kΩ.  

The mixing performance of the micromixer is examined by measuring the rotational speed of the liquid. A 
experimental setup is shown in Figure 6. The micromixer is placed on a transparent plate and water is filled inside 
the through-hole as the liquid. The volume inside the through-hole is approximately 0.035mL that is almost equal to 
the volume of a drop of water. An aluminum powder is floated on the water surface as tracer particles and a light 
source illuminates the micromixer from the bottom side. A video camera is installed at the top side of the micromixer 
and captures the movement of the particles. Fig. 6 right shows a view captured by the video camera, in which the 
aluminum powder is seen as black particles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
RESULT & DISCUSSION:  

The water starts to rotate inside the hole when the two AC voltages are applied to the piezoelectric elements. 
Figure 7 is a time history by tracking the movement of a particle at the applied voltage of 60 Vp-p and the frequency 
of 276.5 kHz. The particle is driven up to approximately 5-6 rps. The upper side of Figure 7 shows the movement of 
a particle (Particle A) captured by the video camera. The particle A was selected as the fastest one and it rotates. As 
for the other particles, the displacement of the particles decreases as approaching to the wall of the inner surface. For 
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example, particle B is much slower than particle A. It is 
due to that the viscosity of the water increases near the 
wall.  

In the further study, we confirmed following two 
behaviors of the micromixer: (i) the rotational speed is in 
roughly proportion to the magnitude of the voltages. (ii) 
The rotational direction is reversible when the two AC 
voltages are switched. The reversed rotational speed 
obtained is almost equal to the original speed. 

 
CONCLUSION 

In this paper, we demonstrated that the piezoelectric 
micromixer generates the rotation of water using the first 
bending vibration mode of a metallic cube. The prototype 
mixer was fabricated as a cube (a side length of 5 mm) 
with a through-hole (3 mm in diameter). The experiment 
shows that a drop of water (approximately 0.035 mL) was 
driven up to 5 rps inside the hole of the micromixer.  

In the future, we will clarify the fluidic mechanism 
from the swirling motion to the generation of the flow by 
using a CFD analysis for pursuing the optimal design 
methodology of the micromixer. Another important aspect of the development is the prevention of a contamination. 
Use of a disposable plastic cell inside the micromixer is effective. Operators can replace the plastic cell easily and 
the use of the cells prevents a contamination. In a pre-experiment, we confirmed that the micromixer can rotate 
water through a plastic wall as long as the inside of the micromixer and the plastic wall are contacted.  

Although the micromixer has not been optimized yet, the experimental result is already practical due to its enough 
mixing power. Mixing for an environment analysis device such as spectrophotometer would be one of the potential 
applications in industry. 
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MICROFLUIDIC MAGNETIC RESONANCE CHIP WITH INTEGRATED 
SOLENOIDAL MICROCOIL FOR DISPOSABLE USE IN A MODULAR PROBE
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ABSTRACT
 We report a Magnetic Resonance (MR) probe consisting of a microfluidic chip with integrated solenoidal microcoil 
and the resonant circuit electronics on a modular basis.  The MEMS fabricated microfluidic chip is connected to the 
electronics using a non-permanent clamping mechanism with vertical interconnect stripes.  Thus, the fluidic chip can be 
easily replaced after usage with a new one, whereas the electronics remains in the MR probe. The filling of the microcoil 
is achieved using only capillary force without external fluidic tools. The integrated solenoidal microcoil is demonstrated 
at 400 MHz (1H Larmor-frequency at 9.4 Tesla) at a minimum imaging resolution of 33 !m " 33 !m (x-y) and a signal to 
noise ratio (SNR) of 31 in a single scan (51 seconds).

KEYWORDS: micro-droplet nuclear magnetic resonance, microcoil, on-chip magnetic resonance imaging

INTRODUCTION
The MR technique offers structural and chemical insight in biological samples in a non-destructive manner. At the 

microscale, optimum sensitivity is achieved when microcoils are used [1].  For the analysis of small sample volumes in 
the nanoliter range, miniaturized coil detectors for nuclear magnetic resonance spectroscopy (NMR) [2] and imaging 
(MRI) [3] have been presented. Following the trend of Lab-on-a-Chip devices, microcoils were combined with 
microfluidics in order to carry out on-chip nuclear magnetic resonance analysis of e.g. cells [4,5] or to monitor chemical 
reactions [6]. In this paper, the presented device demonstrates the concept of a micro-droplet based magnetic resonance 
probe for the handling and analysis of small analyte quantities in an efficient and straighforward manner.

CONCEPT
 With microcoils the practical difficulty is the analyte loading without external pumps and tubes. The presented 
microfluidic chip simplifies the analyte loading procedure by integrating the microcoil in a hydrophilic channel (Fig. 1a-
d). A micro-droplet of the analyte is directly dispensed onto the inlet of the microfluidic chip and the microcoil below is 
filled due to capillary force (Fig. 1b). An analyte volume of less than 1 !L is needed to fill the fluidic chip completely.

FABRICATION
 The fabrication process of the microfluidic chip is similar to the process presented in Ref.  [7]. The fabrication of the 
microfluidic chip is based on a combination of UV-photolithography, automatic wirebonding and high-precision UV-
lasering. First, a Pyrex substrate sputtered with a Cr/Au layer is patterend with UV-photolithography in order to obtain 
the mold for the following electroplating step. The target thickness of the electroplating step takes into account the 
increased resistivity of the gold metal pads due to the skin effect. In a next step, the microfluidic bottom channel is 

Figure 1: a) Frontside of the whole MR probe showing the microfluidic chip with integrated microcoil b) Enlarged view 
of fluidic chip which was filled by placing an 1 !L droplet on top of the microcoil (coloured water for better visibility). 
Capillary force fills the channel below the microcoil automatically. Hydrophilic character of the channel was generated 
using O2 plasma treatment c) Microcoil at intermediate fabrication step prior to lamination of top layer.  d) Schematic 
cross-section of fluidic chip. Bottom channel connects inlet and outlet through microcoil. 
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formed using the lamination of PerMX 3050 dry-resist (DuPont). In total, three dry-resist layers are transferred onto the 
substrate in order to define the bottom channel (Fig. 2a-c). The post which acts as a mechanical support for the microcoil 
is fabricated in the follwing step (Fig. 2d). A 400 µm thick layer of SU-8 2150 (MicroChem) photoresist is spun onto the 
substrate and subsequently softbaked on a leveled hotplate. During the softbake, thickness variations of the resist due to 
the bottom channel structures are minimized. The softbaked resist is patterend using UV-photolithography, cured in a 
following post exposure bake and developed in PGMEA. In Figure 2e), the windings of the microcoil around the SU-8 
post is done [8]. The final step of the process flow is the lamination of the top layer (Fig.  2f). In order to access the 
bottom fluidic channel below the microcoil, the dry-resist membrane which still seperates the bottom fluidic channel 
from the inlet and the outlet is removed using a high-precision UV-laser step (Fig. 2g).

MODULAR MR PROBE DESIGN
 The rear of the modular MR probe (Fig. 3a) shows the capacitive tuning and matching electronic network which is 
connected to the solenoidal microcoil on the fluidic chip (Fig. 3b). The microcoil itself is 450 µm in diameter and 
200 µm in height (Fig.  3b). The quality-factor of the solenoidal microcoil is measured to be 41 at at a frequency of 
400 MHz (Inductance = 23 nH, Resistance = 1.4 Ω). Using the capacitive network, the microcoil is matched to 50 Ω and 
tuned to the Larmor frequency of 400 MHz. The measured S11 power reflection value is better than -45 dB for both the 
unloaded and loaded state of the microcoil (Fig. 3c). This value represents negligible power losses due to the impedance 
interface between the MR probe and the electronic input of the 9.4 Tesla Bruker BioSpec 94/21 system.

Figure 2: Process flow of the microfluidic chip with integrated microcoil. I a) to c) bottom channel is made in a 
sequential dry-resist lamination step with UV-lithography of PerMX 3050 II d) thick SU-8 2150 spincoating and UV-
photolithography in order to define the mechanical support for the microcoil and the outlet of the fluidic chip e) coil 
winding using a commercial automatic wirebonder machine III f) lamination of dry-resist to define the top layer g) UV-
high-precision lasering to achieve fluidic access to the bottom fluidic channel by removing the dry-resist membrane.

I) Bottom channel II) Microcoil winding III) Top layer

a)

b)

c)

d)

e)

f)

g)

Figure 3: a) Backside of the whole MR probe showing the tuning&matching electronics for for the microcoil b) 
Schematic of tuning &  matching resonance circuit (Ctune=0.6-2.5 pF, Cmatch,fix=2.4 pF, Cmatch,var=0.6-2.5 pF) c) S11 power 
reflexion coefficient measured for the unloaded (-49 dB) and loaded (-48 dB) microcoil.
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 A polymer frame houses both the microfluidic and the electronics module (Fig.  4a). Both modules are electronically 
connected to each other using a clamping mechanism with vertical interconnects, as shown in Figure 4b). These inter-
connects consist of alternating conductive (metal) and non-conductive (polymer) layers with a pitch of 100 µm. Another 
advantage of this non-permanent interconnect type is a convenient replacement of the microfluidic chip after usage 
without soldering. Also, the electronic module can be exchanged to adjust the MR-probe to different Larmor-frequencies. 

PROOF OF CONCEPT
 The tuned and matched microcoil was tested by imaging in a 9.4 Tesla Bruker BioSpec 94/21 system with a gradient 
strength of 0.675 Tesla/meter. In the x-y direction, a minimum spatial resolution of 33 µm ×  33 µm was achieved with a 
slice thickness of less than 200 µm (Fig. 5a). The obtained image in Figure 5b) indicates both complete filling of the 
microchannel through the coil and an homogeneous signal intensity within the sensitive volume of the microcoil. With a 
total acquisition time of 51 seconds the image data was obtained with a calculated SNR of 31. For images with improved 
resolution, the concept of the MR probe will be tested at a higher magnetic gradient strength.

Figure 5: Demonstration of microcoil completely filled with 3.5 nL water sample. a) MR-image with 33 µm × 33 µm  
resolution in the x-y direction b) MR-image of microcoil from the top showing the cross-section of the microchannel.

CONCLUSION
 For nuclear magnetic resonance applications in Lab-on-a-Chip devices,  it is essential to minimize the amount of 
sample which is required for high-resolution spectroscopy or imaging. A smart integration concept of microcoil detectors 
in a microfluidic networks is therefore a strong requirement. The presented concept to only use micro-droplets for the 
filling of a solenoidal microcoil therefore may offer new methods for NMR based Lab-on-a-Chip tools.
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Figure 4: a) Two halves of the MR probe before assembling them together. The microfluidics (blue) and the electronics 
(green) part are connected using the vertical interconnect stripe (red frame). b) Schematic cross-section of the MR probe 
also showing the microfluidics (blue shading) and electronics (green shading) part. 
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SURFACE MICROMACHINING OF POLYDIMETHYLSILOXANE 
(PDMS) FOR MICROFLUIDIC BIOMEDICAL APPLICATIONS 

Weiqiang Chen, Nien-Tsu Huang, Katsuo Kurabayashi, and Jianping Fu
Mechanical Engineering, University of Michigan, Ann Arbor, USA 

 
ABSTRACT

A major technical hurdle in microfluidics is the difficulty in achieving high fidelity lithographic patterning on 
polydimethylsiloxane (PDMS).  Here, we report a simple yet highly precise and repeatable PDMS surface 
micromachining method using direct photolithography followed by reactive ion etching (RIE). Our method to 
achieve surface patterning of PDMS applied an O2 plasma treatment to PDMS to activate its surface to overcome the 
challenge of poor photoresist adhesion on PDMS for photolithography. Our photolithographic PDMS surface 
micromachining technique is compatible with conventional soft lithography and other silicon-based surface and bulk 
micromachining techniques.  To illustrate the general application of our method, we demonstrated fabrications of 
large microfiltration membranes and free-standing beam structures in PDMS for different biological applications. 

 
KEYWORDS 
Microfabrication, microfluidics, PDMS 

 
INTRODUCTION 

Polydimethylsiloxane (PDMS) is one of the most frequently used structural materials in microfluidics, owing to 
its biocompatibility, optical transparency, gas permeability, mechanical elasticity, and electrical insulation [1].  The 
complexity of PDMS-based microfluidic systems is also increasing rapidly as sophisticated functions have been 
integrated into single microfluidic devices. Just as the surface patterning techniques using lithography and etching 
processes have been the major drivers for the successful development of micro-electro-mechanical systems (MEMS), 
there is an increasing demand in the field of microfluidics for highly reliable, repeatable and precise surface 
micromachining techniques to pattern PDMS for different microfluidic and bioengineering applications.  However, 
till now, surface patterning techniques of PDMS using conventional photolithography and etching processes have not 
been achieved.  In fact, PDMS has been largely considered incompatible with conventional photolithography, due 
to its low surface energy resulting in dewetting of photoresist on the PDMS surface [2].  Soft lithography is a 
popular micromachining technique for rapid fabrication of PDMS structures [1]. Yet, soft lithography is a bulk 
micromachining technique, and it largely relies on replica molding, which often leaves behind a thin residual PDMS 
layer on top of the mold features.  Through holes in bulk PDMS are typically achieved by punching through the 
PDMS structures, which can only generate macroscopic openings in PDMS and is far from a precise patterning 
method.  Here, we report a wafer-scale PDMS surface micromachining method to generate different PDMS thin 
film microstructures, with their critical dimensions ranging from sub-microns to tens of microns, using a 
combination of photolithography, reactive-ion etching (RIE), and convenient thin film releasing techniques. 

 
EXPERIMENT 
Our PDMS surface micromachining technique is illustrated in Fig. 1.  A silicon wafer was first silanized with 
(tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane to facilitate subsequent releases of patterned PDMS layers.  
PDMS prepolymer was then spin coated on the silanized silicon wafer and completely cured at 110°C for 4 hrs.  
Then we used a gentle O2 plasma treatment to address the major technical hurdle for surface patterning of PDMS: 
dewetting of photoresist on the intrinsically hydrophobic PDMS surface.  The PDMS surface was switched from 
hydrophobic to hydrophilic, allowing a uniform coating of photoresist in the following spin coating step (Fig. 
1b&2a).  Uniformly coated photoresist was patterned using conventional photolithography, and the exposed PDMS 
was etched with RIE using SF6 and O2 gas mixtures to transfer photoresist patterns to the underlying PDMS layer. 

 
Figure 1: Schematic of surface micromachining of PDMS.  (a) Fabrication process.  (b) Surface hydrophilization 
of PDMS using O2 plasma.  (c) Releasing PDMS thin film structures using O2 plasma assisted bonding to 
secondary PDMS structure. 
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Our PDMS surface micromachining method can be integrated conveniently with other PDMS-based soft 
lithography methods and conventional silicon-based surface and bulk micromachining techniques to generate 
submicron-scale free-standing PDMS structures (Fig. 2).  As shown in Fig. 2c-d, free-standing thin PDMS 
cantilever and beam structures (with a thickness of 500 nm) were successfully fabricated using XeF2-based bulk 
silicon dry etching after surface pattering of PDMS on the silicon wafer.  These free-standing PDMS cantilever and 
beam structures could potentially be utilized as sensitive mechanical biosensors based on mass- or force-based 
methods in microfluidic devices [3].  Free-standing PDMS microfiltration membranes (PMMs, with a thickness of 
2-20 µm) with an array of through holes of different diameters (4-20 µm) and center-to-center distances (6-30 µm) 
were also generated using our PDMS surface micromachining method (Fig. 2e&f).  Our PMM fabrication method 
allows generations of very large membranes (up to 3 cm × 3 cm) with great porosity (up to 30%), which could lead 
to a significant volume throughput for processing blood specimen without clogging.  These PMMs can be 
integrated with PDMS support structures to provide a superior mechanical strength (Fig. 1c&2e).  We envision that 
such hybrid micro/nanoscale components and devices could find a broad range of applications for different 
biological and biomedical applications, given the biocompatibility of PDMS and their extensive applications in 
microfluidics-based bio-sensing and -analytical devices.  For instance, these PMMs could potentially be utilized for 
size-based separation of blood cells. There is a great current interest in devising efficient techniques to isolate and 
enrich the rare live circulating tumour cells (CTCs) from cancer patient blood as surrogates to understand the crucial 
early cancer metastatic process and discover new targets or new phenotypes in the CTCs that need to be targeted.  
We have started to utilize these PMMs for size-based separation of CTCs.  Figure 2g-j show a filter device that can 
efficiently capture targeted CTCs or microbeads. Another application example shown in Fig.3 demonstrated an 
integrated microfluidic immunophenotyping assay (MIPA) device developed using PMMs for on-chip white blood 
cell isolation and enrichment and AlphaLISA-based detection of TNF-α secreted by stimulated immune cells.  
Using microbeads whose surface was functionalized with specific surface protein antibody, we can enlarge and 
isolate targeted sub-population of immune cells from blood.  For example, the MIPA device can isolate monocytes 
conjugated to anti-CD14 antibody coated microbeads (diameter of 32 um) from blood for downstream analysis.  
The MIPA device can achieve rapid, quantitative detection of cell-secreted biomarker proteins with a low sample 
volume, and can be used for monitoring immune cell functions and hence advance cellular immunophenotyping 
techniques for diagnosis and treatment of infectious diseases. 

 
Figure 2: Surface micromachining of free-standing PDMS thin film structures.  (a) Contact angles of a water drop 
on PDMS before (103º, left) and after (5º, right) 5 min treatment of O2 plasma.  (b) Optical image of patterned 
PDMS (with patterned photoresist on PDMS) on a 6-inch glass wafer.  (c) Brightfield image of free-satnding PDMS 
cantilevers with a thickness of 500 nm, a width of 5-10 µm and a length of 30-50 µm.  (d) SEM image of 
free-standing PDMS beam structures on a silicon wafer, with the beam thickness of 500 nm, total beam length of 800 
µm and minimum beam width of 5 µm.  (e&f) SEM images of a PDMS microfiltration membrane (PMM) bonded to 
a PDMS support structure.  The PMM had a thickness of 10 µm, and it contained an array of hexagonally spaced 
through holes with a diameter of 4 µm.  (g) Optical image of a microfluidic device containing PMM for capturing 
rare blood cells such as circulating tumor cells.  (h) Phase contrast image of breast cancer cells (MCF-7) captured 
on the PMM with the through hole diameter of 8 µm.  (i) Merged brightfield and fluorescence image and (j) 
quantified purity of microbeads captured on the PMM from a mixture of beads with different sizes (11 & 6 um).  The 
PMM has a through hole diameter of 8 µm. 
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Figure 3: Microfluidic immunophenotyping assay (MIPA) device for on-chip cell isolation and Alpha-LISA detection.  
(a) Optical image and (b) schematic of the multilayered MIPA device.  (c) Schematic of cell loading on the PMM 
and AlphaLISA beads loaded in the MIPA device for immunoassays.  (d) Schematic of isolated monocytes on the 
PMM.  (e) Schematic of detection of TNF-α secreted by LPS-stimulated monocytes using AlphaLISA.  (f-g) Merged 
brightfield and fluorescence image showing trapped THP-1 monocytes (f) and THP-1 monocytes conjugated to 
anti-CD14 antibody functionalized microbeads (g).  The cells were stained with CellTrack Green showing green 
color.  (h) Plot of measured TNF-α concentration secreted by LPS-stimulated monocytes as a function of cell 
number and LPS concentration.  

 
CONCLUSION 

In summary, we have demonstrated a PDMS surface micromachining strategy using a combination of 
photolithography, RIE, and convenient thin film releasing techniques (O2 plasma assisted PDMS bonding or XeF2 Si 
etching).  By using a gentle treatment of O2 plasma for the PDMS surface prior to spin coating the photoresist, the 
long-standing challenge of photolithography on the PDMS surface was successfully addressed.  Our PDMS surface 
micromachining technique was compatible with existing Si-based surface and bulk micromachining techniques, thus 
opening promising opportunities for generating different novel hybrid devices for highly integrated bio-sensing and 
-analytical applications.  Our PDMS surface micromachining method can provide an efficient method for 
fabricating well-defined PDMS thin film microstructures, fulfilling the current technical demands of PDMS surface 
micromachining in microfluidic and bioengineering applications. 
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ABSTRACT 

This paper demonstrates electric generation from sound to minimize and integrate microfluidic systems for point 
of care testing or in-situ analysis.  In this work, 5.4 volts and 50 mW DC was generated from sound through an 
earphone cable, which is a versatile system and able to actuate small size and low power consumption devices like 
an electro osmotic pump. 
     
KEYWORDS 
Electric generation, Integrated microfluidic systems, Portable !TAS 

 
INTRODUCTION 

Although microfluidic devices have great potential, most of them are used in the lab since they require large 
peripheral devices such as pumps, microscopes, voltage control and so on.  In the past five years various 
micropumps and components have been designed, and fabricated for lab-on-a-chip applications, [1,2] however, there 
is little research about improving electric sources.  Compact electric sources, voltage controls and 
electric-generating systems are important techniques for portable “lab-on-a-chip (LOC)” devices under development.  
Functions required for these techniques are compactness and general versatility. 

We have considered earphone cables and earphone jacks are perfect tools for meeting the requirements and sound 
can be used as a power source.   
 

 
Figure 1. A concept of generating electricity system from sound.  Sound can be used as power source and earphone 
plugs are general versatility tools for recent mobile devices.  Low power consumption components that are used to 

LOC devices (e.g. pumps, valves, detectors) can be actuated and controlled by generated electricity from sound 
through earphone cables. 

EXPERIMENT 
Generated electricity was evaluated using output voltage from sound data on a laptop or a music player (iPod 

touch).  The laptop or the music player was connected to a digital multimeter with an earphone cable and output 
sound data created by sound frequency generator software.  There were sound data in 3 different waveforms, 15 
different frequencies and 9 deferent software volume (0, -3, -6, -10, -15, -16, -18, -20 and -30 dB).  We investigated 
relationships of an output voltage with waveforms, frequencies, hardware volume and software volume. 
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Finally, we tried to actuate a light emitting diode (LED) by the electric power generation system.  Two deferent 
forward voltage LEDs, a red (1.8 V) and a green (2.4 V) LEDs, were used to confirm activation ability of the system. 

 
RESULTS AND DISCUSSION 

Figure 2 shows a waveform dependence of an output voltage.  Square waves generated the highest voltage of 4 
different waveforms (square, sine and triangle), however they reduced generating efficiency with the increasing 
frequency.  That is because the output voltage is expressed by line integral along the waveform diagrams.  The 
ratios of output voltages of square and sine curve, or square and triangle at the same frequency were 1.58  
(square/sine) and 2.01 (square/triangle).  These values are coincided with ratios of line integral along the waveform 
diagrams are 1.57 (square/sine) and 2.00 (square/triangle).  In addition, reduction of generating efficiency with the 
increasing frequency is caused by greater switching loss of square waves than the other waveforms. 
 

 
Figure 2. A waveform dependence of an output voltage.  A red, a blue and a green lines indicate a output voltage 

from square, sine curve and triangle waveform respectively. 
 

The output voltage was exponential depends on sound volume as shown in Figure 3a and b.  The bel represents 
a ratio between two power quantities of 10:1, and we can control the output voltage with changing sound volume 
predictably 

 

 
Figure 3. A hardware volume dependence of an output voltage (a) and a software volume dependence of an output 

voltage (b) at 63Hz. 
 

Figure 4 shows an activation of a green LED with the system and a DC-TO-DC boost converter.  The system 
activated a red LED without any circuits, and a green LED could be activated by the system with the DC-TO-DC 
boost converter that is 6"10"12 mm3 in size.  The output voltages were boosted to 5.4 V with 51 mW from sound 
on a laptop and 3.7 V with 19 mW from sound on an iPod touch, which is amply sufficient to actuate electro osmotic 
pumps. [3] 

Furthermore, the system can be used as a programmable voltage control by changing the sound wave frequency.  
By using alternating waveforms derived from sound wave, the system can be used as an on-off controller for low 
power consumption components. 
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Figure 4. An activation of a green LED by our system with an DC-TO-DC boost converter. 

 
CONCLUSIONS 

Generating electricity from sound data achieved and it output 5 volts DC that is enough to actuate low power 
consumption micropumps.  Portable music players will be electric sources and a device control because versatile 
phone plugs are used in our system.   

The system can also generate electricity from living sound or natural sound, which has potential to be applied to 
in-situ analysis device like a water analysis device powered by the sound of a brook.  In the future, LOC devices 
with low power consumption components (e.g. pumps, valves, detectors) will have earphone jacks and those 
components will be actuated and controlled by generated electricity from sound through earphone cables with 
microphones. 
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INTEGRATION OF POLYCARBONATE CELL CULTURE 

MEMBRANES INTO A POLYMER-BASED MICROFLUIDIC 
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ABSTRACT 

A 3D hybrid microfluidic platform with integrated polycarbonate track-etched membranes has been developed. The plat-

form enables cell culture and screening of chemotoxic reagents whilst the cell viability analysis has been carried out off-chip. 

Diffusive and convective modes of cross-membrane drug transfer have been established. In either mode, we successfully 

demonstrated on-chip incubation of HL60 myeloid leukemia cells and investigation after exposure to toxic mitomycin C 

(MMC) in the range of concentrations from 0 to 50 mM. The results of the viability assay on-a-chip were found to be con-

sistent with a standard curve obtained off-chip and indicated ca. 40 % cell survival at MMC concentration of 50 mM.  

KEYWORDS  

Track-etched, membrane, cell culture, drug screening 

INTRODUCTION 

There is a dynamically growing demand for microfluidic platforms that simulate in vivo conditions for cell culture, han-

dling and analysis. Such platforms should allow monitoring of various physiological processes and a large degree of freedom 

in the control of experimental conditions, while using reduced volumes of reagents and cells [1-3]. These devices thus bear 

great promise for high-throughput, automated drug screening in a point-of-care environment by relatively unskilled users. 

Polycarbonate track-etched membranes (PCTEMs), which assist to simulate the natural environment of cells, are commercial-

ly available and widely used in a variety of cell biology applications [4-9]. 

The here pursued development of the hybrid process for direct incorporation of commercial membrane inserts into 

poly(methylmethacrylate) (PMMA) is an attractive option for these mimetic systems due to the simplicity and low cost of the 

fabrication, the wide choice of available membrane materials and morphologies that can be matched to a desired application 

and ease of access to off-chip surface modification treatments.  

 

Figure 1: 3D schematic of the device assembly (A) and cross sectional view (B). The device consists of three main compart-
ments: (i) fluidic structures defined in the bottom PMMA/PSA layer, (ii) PMMA culture chambers with integrated GE 
Whatman

®
 polycarbonate track-etched membranes installed on PSA rings and (iii) a PMMA cap with inlets to introduce cell 

culture and gaps to supply sufficient aeration of cells.  

However, integration of commercial membranes with commonly used polymeric materials has been technologically chal-

lenging. Of particular difficulty is the reproducibility in manufacturing while meeting the constraints imposed by the need for 
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a sterile cell culture environment and ensuring consistent flow behavior between each cell culture chamber. Additionally, the 

majority of demonstrated systems are based on cast-moulded PDMS structures [10-13] which limits the fabrication through-

put, narrows the range of material-compatible solvents and chemical reagents, and shortens the overall life-time of the system. 

In the present paper, we describe the design, fabrication and experimental techniques to operate the platform in various 

flow regimes. The novelty and opportunity of the presented system lies within the potential embedding of any type of bio-

compatible transport control into a microfluidic system, e.g. membranes with different porosities and morphologies suitable 

for both colorimetric or fluorometric bioassays. In combination with a specific fluidic design, this opens up new options for 

automated, direct and continuous on-chip analysis of cellular metabolic processes. 

WORKING PRINCIPLE 

Our microfluidic platform (Fig. 1) consists of a fluidic supply channel and a cell culture chamber separated by a thin, low-

dead-volume porous membrane (pore size 0.015 – 0.2 µm). On the one hand, these PCTEMs serve as a physical barrier for 

suspended cell culture against contaminants. On the other hand, the membrane permits controlled exposure of the cells to var-

ious concentrations of a drug which is transported via a channel through the membrane to interact with the cells. The track-

etched membranes feature low internal dead volume and serve as a physical barrier for suspended cell culture against contam-

inants whilst allowing controlled transport of a drug to the cells. 

MATERIALS AND METHODS 

Various polymer rapid prototyping techniques were evaluated for reproducible integration of the membrane inserts into 

PMMA. Figure 1A shows one of the developed schemes for assembly using a pressure sensitive adhesive (PSA) based bond-

ing technique. The microfluidic prototypes were manufactured using 1.5-mm thick PMMA (Radionics, Ireland) and 175-µm 

PMMA sheets (Goodfellow, UK) , 86-µm thick pressure sensitive adhesive layers (PSA, Adhesive Research, Ireland), 

cyclopore and nucleopore WHATMAN
®
 (GE Healthcare, UK) PCTEMs inserts. The following prototyping techniques were 

applied: a CO2 laser ablation system (Zing 16 Laser, Epilog, USA) to structure the PMMA sheets, a standard knife plotter 

(ROBO Pro cutter/plotter, Graphtec, USA) for cutting of the PSA and membranes. The PCTEMs were placed on PSA rings 

inside a shallow trench engraved by a laser. All layers were stacked and the assembly was irreversibly bonded to create the 

final device. The entire assembly was carried out under UV light (254 nm) using Nova Scan Digital UV Ozone System (IA, 

USA) to ensure sterile conditions for cell culturing. 

The HL60 suspension cells were grown in RPMI-1640 medium with 10 % FBS. The cells were incubated for the times indi-

cated (24 hr, 48 hr) in media containing MMC at the concentrations in the range of  0–50 mM. The incubation was followed 

by the trypan blue exclusion viability assay.  

The computational fluid dynamic (CFD) simulation was performed using the COMSOL Multiphysics 4.2a (COMSOL Group, 

Sweden). First the transient flow profile was calculated. Once a steady-state was reached, a concentration step at the inlet was 

initiated and the development of the concentration profile was obtained for both fluidic designs. 

RESULTS AND DISCUSSION 

Figure 2A shows the assembled device being leak tested with three colors of dyed water. The CFD simulations (Fig. 2) re-

veal how drug transport is controlled either by convection (Fig. 2B) or diffusion from the fluidic channel across the porous 

membrane (Fig. 2C). The flow-through platform is best suited for rapid exposure of cells to the drug, while the diffusion plat-

form allows long-term experiments and ensures a more gradual change of the drug concentration in the cell chamber.   

 

Figure 2: Picture of the fabricated device during the fluidic test (A), simulated concentration profile inside the culture cham-

ber for the design implementing convection through the membrane after 2 sec (B) and for design enabling diffusive delivery 

of drug after 60 seconds (C). 
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Figure 3: Results of trypan blue viability test on HL60 cancer cells after 24 hr incubation: before (A) and after treatment 

with 50 mM MMC in a well plate showing ca. 40% survival rate (B); after 50 mM MMC, sample taken from the membrane 

chip (C) and membrane surface of the opened chip (D). 

As a feasibility study, the platform was used to carry out an in vitro cell viability assay by controlled incubation of human 

HL60 cells with mitomycin C [10] (MMC), a DNA-damaging chemotoxic agent. The incubation performed on-chip with the 

experimental endpoint (a trypan blue dye exclusion viability test) was run off-chip. Figure 3 shows images of the cells before 

and after the MMC treatment.   

CONCLUSIONS AND OUTLOOK 

In the present paper, we describe a 3D hybrid microfluidic platform with integrated GE WHATMAN
®
 PCTEMS inserts ena-

bling controlled cell culture and screening of chemotoxic reagents. Herein, we discuss the design, fabrication strategy and ex-

perimental techniques for operation of the analysis platform. The operation has been successfully demonstrated on both on-

chip incubation of HL60 myeloid leukemia cells and screening of mitomycin C (MMC) exposure at concentrations up to 50 

mM. The results of the viability assay on-a-chip were found to be consistent with a standard curve obtained off-chip and indi-

cated ca. 40 % survival rate at MMC concentration of 50 mM. Future tests will expand the chip to allow multiplexing of 

chemotoxic exposures on cultured cells and rapid testing of combinations of sub-lethal drug doses of complementary agents. 

The objective is to minimize overall agent doses to optimize treatment. The established system may be well suited hospital 

settings, clinics and other remote environments where preliminary cell screening of prescribed drugs is to be performed by 

unskilled users.  
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ABSTRACT 

Recording the reaction history of microparticle-based combination assays is important. However, several existing 
encoding methods cannot change microparticle codes. In this paper, we present a new method of encoding microparticles 
that uses a photoluminescent material for multiple code writing. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) is a 
commonly used photoinitiator for free-radical polymerization. DMPA exhibits photoluminescence when irradiated in the 
ultraviolet region. Photopolymerized microparticles that contain DMPA were generated and then graphically encoded by 
using the Optofluidic Maskless Lithography system [1]. Our encoding method has advantages such as high coding 
capacity and long-term durability aside from enabling repeated writing on microparticles. Our encoding method that uses 
the DMPA photoinitiator can be applicable to multi-step microparticle-based assays. 

 
KEYWORDS 
Encoded microparticle, Bead-based assay, Photoinitiator, Encoding, Code. 

 
INTRODUCTION 

Graphical encoding methods can generate a large number of codes by using structurally patterned microparticles such 
as aluminium-patterned SU-8 microbars [2] and hole-patterned hydrogel particles [3]. However, microparticles that are 
encoded by using these graphical encoding methods cannot be used to record a biochemical reaction history because such 
microparticles are generated with codes. To be rewritable, these microparticles require surface modification so that they 
may be tagged. In this context, we introduce a new encoding method for microparticle encoding that uses only ultraviolet 
(UV) light without surface treatment. 

 
EXPERIMENTAL 
   Figure 1 shows a schematic diagram of the generation of code-changeable encoded microparticles by using an OFML 
system. A mixed solution that contains photocurable perfluoropolyether (PFPE) and DMPA photoinitiator is filled 
between two glass slides. Patterned UV light from a digital micromirror device is projected onto the mixed solution 
through an objective lens, after which the PFPE monomer is photopolymerized. UV light with a single-circle pattern 
generates a disk-shaped microparticle, as shown in Figure 1(a). Figures 1(b) and (c) exhibit the code-changeability of 
encoded microparticles. A code of this microparticle is created by using a star-patterned UV light. By changing the area 
of UV irradiation, another code is produced on the same particle. As described in Figure 1(d), these codes emit green 
light when they are excited by blue light because the DMPA initiator becomes photoluminescent after irradiation by UV 
light, as shown in Figure 1(f). That is, the DMPA in the polymerized network is used as encoding material, as shown in 
Figure 1(e). For magnetic nanoparticle addition and silica-coated particle generation, we used photopolymerizable resins 
of ethoxylated trimethylolpropane triacrylate instead of PFPE. 
 

 
 
Figure 1: Schematic diagram of the generation of code-changeable encoded microparticles by using an OFML system. 
(a)–(c) Microparticle generation and multiple encoding. (d) Code reading. (e) DMPA photoinitiator in the polymer 
network. (f) Actual image of photoluminescent DMPA photoinitiator. Scale bar is 200 um. 
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RESULTS AND DISCUSSION 
Figure 2 shows the characteristics of our encoding method. First, our encoding method has high coding capacity. A 

variety of graphical codes can be produced, as shown in Figure 2(a). Without physically replacing a mask with another, 
picture files for codes can be selectively loaded onto the digital micromirror device. Patterned UV light is then irradiated 
onto the particle by using our laboratory-made software. Second, the generated codes have long durability. Figure 2(b) 
shows that the encoded particles maintain their photoluminescence for at least seventeen days. Therefore, differently 
encoded particles can be distinguished from one another. In addition, the code intensity can be varied. Figures 2(c) and (d) 
indicate that code intensity depends on the initiator concentration in the PFPE resin and on UV irradiation time. A higher 
concentration of DMPA photoiniatiator and longer UV irradiation time increase the photoluminescence intensity of codes. 
Therefore, the photoluminescence of codes can be adjusted by using these two parameters. Figure 2(e) shows an example 
of three-level codes in the microparticle. These codes were produced by varying UV irradiation time. 
 

 
 
Figure 2: Characteristics of the encoding method that uses DMPA. (a) Differently shaped codes can be created on the 
microparticles. (b)–(e) These codes have long durability, and their intensity can be controlled through DMPA 
concentration and UV irradiation time. Scale bar is 150 um. 
 

Figure 3 highlights the key feature of our encoding method, which is code-changeability. In this figure, three squares 
in a column are sequentially encoded in the same microparticle. This feature can be used to record the history of 
biochemical reactions in the bead-based assay, such that the code can be modified after each reaction. 
 

 
 
Figure 3: Code-changeability of encoded microparticles. Three squares in a column are sequentially encoded in the 
same particle. This feature enables the microparticle to record a history of biochemical reactions. Scale bar is 100 um. 
 

The recognition of particle codes when such particles are randomly dispersed in solutions is important. Moreover, 
particles need to be separated from solutions for washing or solution exchange. Thus, magnetic nanoparticles were 
inserted into particles, as shown in Figures 4(a) and (b). After the magnetic chains were formed by the application of a 
magnetic field to the magnetic nanoparticle solution surrounding the particle, these chains were photopolymerized by UV 
light to produce double-layered particles. Given that the magnetic chains align along the magnetic field, the 
double-layered particle can be rotated by changing the direction of the magnetic field. Hence, the codes of particles can 
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be easily recognizable regardless of their initial orientation. Moreover, these particles are movable because the magnetic 
nanoparticles are attracted by a magnetic field. Such movement enables particles to be separated from solutions and 
facilitates solution exchange and particle washing. 
   To demonstrate that our code-changeable microparticles can be used in a multi-step microparticle-based assay, the 
particles need to have functional groups. A silica coating can be applied to the particles, as shown in Figure 4(c). The 
silica coating enables the particles to have functional groups. We utilized the modified Stöber method to coat particles 
with silica [4, 5]. Particles that contain the DMPA photoinitiator were silica-coated, and a scanning electron microscope 
(SEM) image shows the silica coating around particles. The silica-coated microparticles remained writable. Code “K1” 
was created in the silica-coated particle. In addition to the generation of functional groups, silica coating prevents the 
DMPA photoinitiator from diffusing out from the core and enhances microparticle resistance to strong acid and base 
environments. In summary, a microparticle that contains DMPA photoiniator was silica-coated to generate functional 
groups for peptide attachment and for the particle-based assay. 
 

 
 
Figure 4: (a) Generation of a magnetic nanoparticle-laden code-changeable microparticle. (b) Rotation of a 
code-changeable microparticle by a magnetic field. Blue arrows indicate the direction of magnetic chains. (c) (Top left) 
Bright-field image of a silica-coated writable microparticle. (Bottom left) Fluorescent image of the particle. (Top right) 
SEM image of the silica layer of a writable microparticle. (Bottom right) Fluorescent image of the encoded particle. 
Scale bar is 200 um. 
 
CONCLUSION 

A new encoding method that utilizes a photoluminescent photoinitiator was demonstrated. We expect that this 
encoding method will be useful for multi-step microparticle-based assays. 
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ABSTRACT 
 
Several methods for generating liposomes have been studied due to their advantages of structural stability and high 
delivery efficiency; however, limitations prevent their use as mass delivery compartments to cells. This study 
proposes a novel method to generate nano-scale diameter liposomes using hydrophilic micro channels and cells. The 
generated nano-liposomes have the potential to contain membrane proteins in the lipid bilayer structure and have a 
shape similar to cell-secreted vesicles. On varying the length and width of microfluidic channels, the size of 
generated liposomes changed, and the uptake amount of the cells also changed with size.  
 
KEYWORDS 
Vesicle, Liposome, microfluidic channel, Exosome.  

 
INTRODUCTION 

Exosomes are nano-scale diameter compartments enclosed by a phospholipid membrane. They are 
secreted from cells and involved in many physiological activities. Due to their functions, long-term structure stability 
and high efficiency for trans-membrane transportations, many generation methods of liposome such as natural 
swelling, freezing and thawing, ultrasonication, electroformation, extrusion through polymer membrane, 
microdroplets and microfluidic methods, have been developed to exploit advantages of cell-secreted exosomes.  

However, artificially generated liposomes have limitations to be used as exosomes in research and 
application fields. First, the size of liposome is bigger than exosome, hindering trans-memebrane transportation. 
Most of them have micro-scale size, and even if nano-scale liposomes are generated, they are not generated in 
uniform size. Second, the structure of liposome is different from exosome. Depending on the generation methods, 
sometimes liposomes have multilamellar membrane structure while exosomes have unilamellar phospholipid bilayer. 
Third, the composition of liposome is also different from that of exosome. To mimic the composition of cell-secreted 
exosomes, natural phospholipids have been suggested as a base membrane material of liposome. However, these 
synthetic membranes do not usually have proteins tethered on them.  

This study proposes a novel method to generate nano-scale diameter liposome with biological contents 
by extruding cells through a micro channel. Similar to cell-secreted exosomes, the generated liposomes with this 
method had membrane proteins in the lipid bilayer structure and contain RNAs and proteins of original cell. 
Depending on the surface property, hydrophilic and hydrophobic, of micro channels, liposome generation changed. 
In a hydrophilic micro channel, exosome like liposome was generated, but in a hydrophobic micro channel, liposome 
was not generated. On varying dimensions of micro channels, the size, zeta potential and contents amount of 
exosome like liposome also changed. There are optimized points to generate liposome which have similar size as 
exosome and lots of cellular contents. The fusion rate of cell and the liposomes was also instigated as varying the 
liposome size.   

This exosome-like liposomes are expected to be used importantly in the research fields of exosome and 
microvesicle, and also have applications in fields like drug delivery systems. 

 
EXPERIMENT and RESULT 

The pattern of the micro channel was made by SU-8 2025, using a conventional soft lithography with a 
thickness of 10 µm (Fig. 1(d), (e)). These SU-8 patterns were used as the master for a micro channel made of nine 
parts polydimethylsiloxane (PDMS) silicon elastomer base and one part curing agent. After PDMS was bonded to 
glass, the bonded devices were soaked for 24 hours in phosphate buffer saline (PBS) after plasma treatment on the 
surface of micro channels to induce a hydrophilic property. A hydrophobic micro-channel was made separately by 
2% PTFE in a solvent. The contact angles were 26.8º at the hydrophilic channel and 115.2 º at the hydrophobic 
channel. 

When ES cells had almost filled the culture dish, but had not formed an embryonic body, they were 
detached with Tryp-LE (Gibco) and suspended in a PBS with a concentration of 1.5 million cells/mL and 0.5 mM 
ethylenediaminetetraacetate (EDTA) and loaded in a 1 mL disposable syringe. They were then extruded through the 
fabricated micro-channels using a syringe pump (11 plus dual syringe, Harvard Apparatus, USA) having a 3, 5, and 
7 μm channel widths and 100, 200, and 400 μm channel lengths. The flow rate was 6.5 μL/min in all cases.  An 
acrylic vise was fabricated and assembled with the micro-channels to prevent the leakage of samples during 
extrusion (Fig. 1b). In addition, during extrusion, the syringe pump was shaken to prevent cell from settling down in 
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a syringe. As a pre-cleaning process, extruded samples were collected and centrifuged at 1×10
3
 g-force for 20 min to 

eliminate unbroken cells. Next, the supernatants were put into cushions consisting of 10 and 50 % optiprep solutions, 

which were then centrifuged at 1×10
5
 g-force for 2 hrs. The centrifuged sample had several layers; the second layer 

from the bottom, the nano-liposome layer, was collected. The entire nano-liposome generation processes, except the 

cell preparation, was carried out at 4 ºC. 

The product of the hydrophilic micro channel after extrusion has a mean diameter of around 90 nm 

(Fig.2(a)) which is in the expected range for the diameter of nano-liposomes in relation to the established size of 

membrane vesicles. On the other hand, the product of the hydrophobic micro channel resulted in a 1.7 nm diameter, 

which is the same as that just of the buffer solution. To find out what had happened at hydrophobic channel, the 

products were checked using microscope images after the pre-cleaning process. Figure 2(d) shows that many 

unbroken cells settled down at the bottom of the tube after the pre-cleaning process when the product came from the 

hydrophobic micro channel. However, Fig.2 (b) shows that unbroken cells were not present in the product that came 

from the hydrophilic micro channel.  

 

 
Figure 1. On the hydrophilic(a) and hydrophilic(c) surface, the 
sample show around 90 nanometer and around 1 nanometer size of 

mean diameter. Microscope images of results, from hydrophilic 

surface(b) and hydrophobic surface(d), of the pre-cleaning process 
after 1000 g-force.  

Figure 2. (a) Diagram showing generation of artificial-nano-vesicle 

using a simple micro channel. (d), (e) Scanning Electron 

Microscopic Images of extrusion channels. 
 

Fig. 3 shows that as channel length increased, the mean diameter of nano-liposomes decreased and 

the deviation of mean diameter also decreased. The largest nano-liposomes are generated at a channel length of 

100 µm. The nano-liposomes generated at channel length 200 and 400 µm are very similar, but the mean 

diameter of nano-liposomes from the 400 µm channel is smaller than for those from 200 µm. When channel width 

is controlled with a fixed channel length of 200 µm, the mean diameters form a reversed U shape; however, the 

difference of them are not large. If the type of the particle is known, the zeta potential is closely related to the 

diameter of the particle because it represents the surface charge of the particle. In Fig. 3, as our expectations 

according to concept of zeta potential, zeta potentials show the same trend with the result of mean diameter.  

 

Channel Length (μm)

Z
e
ta

 P
o

te
n
ti

a
l 

(-
m

V
)

Z
e
ta

 P
o
te

n
ti

a
l 

(-
m

V
)

Channel Width (μm)

S
iz

e
 o

f 
A

V
 (

n
m

)

Channel Length (μm)Channel Width (μm)

S
iz

e
 o

f 
A

V
 (

n
m

)

(a)

(b)

(c)

(d)

83.02

105.36
100.13

0

20

40

60

80

100

120

140

3 5 7

12.63

14.54

13.16842

6

8

10

12

14

16

18

20

3 5 7

332.81

105.36
89.41

0

50

100

150

200

250

300

350

400

450

500

100 200 400

16.14

14.54
14.0333

6

8

10

12

14

16

18

20

100 200 400

 

10.5

11.5

12.5

185.43 

201.82 200.27 

4.66 

8.68 

7.68 

3.5

4.5

5.5

6.5

7.5

8.5

9.5

150

160

170

180

190

200

210

220

100 200 300 400

Channel Length (μm)

A
m

o
u
n
t 

o
f 

P
ro

te
in

 (
μ

g
)

A
m

o
u
n
t o

f R
N

A
 (μ

g
)

197.89
201.82

163.66

8.87 8.68

5.935

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5

11.5

12.5

120

130

140

150

160

170

180

190

200

210

220

3 5 7

A
m

o
u
n
t 

o
f 

P
ro

te
in

 (
μ

g
)

A
m

o
u
n
t o

f R
N

A
 (μ

g
)

Channel Width (μm)

(a) (b)

 

 
Figure 3. (a) The sizes of nano-liposomes and their zeta potential 

according to three micro-channel widths (3, 5, and 7 μm) with a 
flow rate of 6.5 μL/min. (b) the same for nano-liposomes according 

to the channel lengths equal to 100, 200, and 400 μm with the same 

flow rate. 

Figure 4. (a) (b) Amount of Protein of nano-liposomes and RNA 

came from every cases of experiments. (c) Confocal images of NIH 
3T3 cells which uptake 65 nm size nano-liposomes at 30 min and 6 

hours treatment time. (nano-liposomes: green, Cytosol: red) 
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The quantity of generated nano-liposomes was verified from the amount of RNA and proteins they 

contained (fig. 4 (a),(b)) because the role of the shear-like force to generate nano-liposomes cannot be interpreted 

from only the mean diameter data. Fewer nano-liposomes were generated when the channel width was 7 µm and 

channel length was 100 µm with a channel length of 200 µm and channel width of 5 µm, respectively. The reason 

is that the former conditions are insufficient to generate nano-liposomes because a 7 µm channel width is more 

than the diameter of ES cells and a 100 µm channel has less time to induce a shear-like force on the cells. In 

addition, comparing with mean diameter data, fewer nano-liposomes were generated when a larger deviation in 

mean diameter was observed. This implies that a sufficient shear-like force is necessary to generate uniform 

nano-liposomes. From this perspective, in this study, the main parameter to induce a shear-like force is the 

length of the micro channel rather than the width of that. 

From confocal scanning microscopy, a position of nano-liposomes at each treatment time was verified. 

It could clearly define that fluorescent intensity was changed by changing amount of uptake. It was necessary 

because FACS cannot distinguish the real uptake from the attachment of nano-liposomes on the cell membrane. 

Fig. 4(c) shows that nano-liposomes, whose mean diameter was 65 nm, were on the membrane when treatment 

time was 30 minutes and passed through the cell membrane after 6 hours of nano-liposome treatment. The 

results of confocal images proved that the cellular uptake happened.  

 

CONCLUSION 

Nano-liposomes that can incorporate membrane proteins were generated by a micro channel through 

extrusion of cells. The shape of nano-liposomes was verified to be similar to membrane vesicles secreted by cells. 

The content of the nano-liposomes was also measured to be similar to secreted vesicles originating in cells; the 

content was identified to be proteins, RNA. The mean diameter and amount of protein and RNA of 

nano-liposomes showed that as channel length increased, mean diameter and its deviation of nano-liposomes 

decreased. In cellular uptake, according to treatment time of nano-liposomes, their position in the cell was 

changed membrane to inside of the cell. The results obtained show the various possible sizes, the gene, and the 

membrane proteins of extruded nano-liposomes.  These results can be used in stem cell research and in research 

in the area of lipid bilayer mechanics. 
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UTILIZING PDMS STAMPING FOR MASS PRODUCTION OF 
MICROTUBULE FUNCTIONALIZED DETECTION DEVICES 

Oya Koc, Mehmet C. Tarhan, Yslam Orazov, Hiroyuki Fujita and Beomjoon Kim 
Institute of Industrial Science, University of Tokyo, Japan 

ABSTRACT 
Developments in micro technologies showed high potential in novel hybrid devices integrating biomaterials with 

electrical or chemical systems aiming at biomedical applications. However, biomaterial functionalization usually 
requires delicate microfluidic systems, complicating the overall structure of the devices. To use the upmost benefits 
of the micro technologies, hybrid devices should be designed to be mass-production compatible. Here, we propose to 
utilize PDMS stamping for functionalizing active regions of multiple hybrid devices in a short time and cost efficient 
way. Furthermore, we demonstrate capturing of some biomaterials, i.e. microtubules (MTs), on the PDMS stamp as 
the first step to achieve the proposed technique aiming at device functionalization at mass numbers. 

KEYWORDS 
Micro stamping, PDMS, biomaterials, hybrid devices, microtubule 

INTRODUCTION
Micro technologies miniaturized the dimensions of 3-D structures allowing scaled-down-hybrid devices that can 

be used for novel biomedical applications. Smaller dimensions provided faster devices due to shorter diffusion 
distances and lower cost due to decreased amount of required materials. However, handling of biomaterials became a 
great challenge. Specific assembly and immobilization at the active regions of devices require additional 
components, such as channels, pumps or electrodes, complicating the devices. Microtubule-based systems are good 
examples to see how important the assembly and immobilization techniques are. To functionalize a micrometer sized 
active region of a device requires centimeter-sized channels [1] that are usually integrated with syringe pumps. For 
proper assembly of microtubules, complicated processes are necessary and thus, device-by-device assembly is not 
feasible. Therefore, a mass-production friendly technique is crucial to minimize the complexity of the devices while 
rapidly functionalizing the active regions of devices with biomaterial in a time and cost efficient way. 

PDMS stamping is widely used for microcontact printing for patterning molecules such as self-assemble 
monolayers. Fast and easy patterning as well as simple protein stamping [2] using PDMS has already been 
demonstrated. However, PDMS stamping has much higher potential than just protein printing on a surface. We 
propose using PDMS stamps for relocating orientation-specific assembled microtubules to functionalize active 
regions for devices in mass numbers (Figure 1). As microtubules are essential components of intracellular transport, 
they are crucial for neuron functioning. Therefore, MT-based systems are promising tools for in vitro sorting and 
transport devices [3] as well as some neurodegenerative disease studies [1]. However, orientation-specific assembly 
of microtubules is cumbersome [4]. The proposed method might lead to mass-production of hybrid devices by 
functionalizing only the necessary regions in a time and cost efficient way. Here, we are demonstrating the first step 
of the proposed method: capturing microtubules from a glass surface using PDMS stamp. 

Figure 1.Schematic view of the method proposed. Microtubules are first oriented on a glass surface and then 
captured using a surface-treated PDMS stamp. The captured microtubules are relocated on target surface. Repeating 
the capturing and relocation process can functionalize several different devices to mass-produce functionalized 
detection devices. 
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EXPERIMENTAL 
Materials 

Microtubules: Tubulin was purified from four porcine brains and stored at a concentration of 4 mg/ml in liquid 
nitrogen. Part of the tubulin was labeled with tetramethyl rhodamine. Tubulin was mixed with labeled tubulin (with 
a ratio of 10:1, tubulin:labeled tubulin) and polymerized into microtubules in BRB80 buffer (80mM PIPES-NaOH 
pH=6.8, 1 mM MgCl2, 1 mM EGTA) containing MgSO4 (1 mM) and GTP (1 mM). After incubating at 37°C for 30 
min, microtubules were stabilized with taxol (0.4 mM) and diluted in BRB80, containing taxol (20 μM).  

Kinesin:. Inactive Kinesin was used in the experiments to immobilize microtubules on the glass surface. Kinesin 
molecules were diluted to 25 μg/ml in 0.7 mg/ml casein solution.

Experimental Setup and Procedure 
Experiments were conducted on an inverted microscope (Olympus IX-71) stage. Fluorescence imaging was used 

to visualize labeled MTs. A photometrics camera (Cascade512 II) was used to monitor the experiments. Imaging 
software (Metamorph) was used to analyze the images after the experiment to measure the number and the length of 
the attached microtubules.  

First, different surface conditions were examined to choose the best configuration for the capturing process 
(Figure 2). Three different attachment conditions were compared: (1) kinesin-coated glass, (2) poly-L-lysine (PLL) 
coated PDMS, and (3) PLL coated glass surfaces. Kinesin molecules bind on glass surface via their tail and attaching 
to microtubules with their heads for immobilization. Similarly, PLL-coating of glass was performed by incubating 
0.01% PLL solution in a flow cell for 5 minutes. PLL-coated PDMS device, on the other hand, required a 
preliminary preparation. PDMS was first spincoated (1300 rpm for 30 seconds) on a glass surface followed by 30 
minutes baking at 90°C and then exposed to oxygen plasma for surface treatment. The flow cell was assembled and 
0.01% PLL was incubated in the flow cell for 5 minutes. After washing the unbound molecules for each condition, 
100-fold diluted labeled MTs were injected in the flow channels. After incubating for 5 minutes, unbound MTs were 
washed away with BRB80 solution. The resulting flow cells were observed under the microscope. Microtubules 
shorter than 2 μm were discarded and the number and the total length of remaining microtubules were measured and 
compared (Figure 3).  

Demonstration of MT capturing with a PDMS slab was performed in two steps. At first, a flow cell was 
assembled using two cover slips and 25 μg/ml kinesin coating of the glass surface. Then 20-fold diluted MTs were 
injected and incubated for 5 minutes in the flow cell. Finally, the top cover slip was removed (Figure 4a). In the 
second step, previously prepared and PLL-coated PDMS slab (around 3 mm thick with a surface area of half of the 
flow cell) was located on the flow cell (Figure 4b,c). The PDMS slab was gently pushed and kept undisturbed for 10 
seconds. Then, PDMS slab was removed with the captured MTs (Figure 4d).  
 

 

 
 

Figure 2. Schematic view of different surface 
coatings: a) kinesin coating of glass surface, b) 
PLL-coating of PDMS surface and c) PLL-coating of 
glass surface. 

 
Figure 3. Graph showing total length of MTs 

averaged per image for three different surface 
conditions. 

 
Figure 4. Schematic view of the demonstrated microtubule capturing process using a PDMS stamp. a) 

Microtubules were immobilized on kinesin-coated glass surface in a flow cell. b) After removing the upper cover 
slip, PLL-coated PDMS slab was approached and c) touched on the glass surface. d) Some of the microtubules were 
transferred on the PDMS slab. 
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RESULTS AND DISCUSSION 
The effect of different surface conditions on microtubule attachment was compared using the total length of 

microtubules. Microtubule length was varying from few micrometers to tens of micrometers. Averaging the total 
length of microtubule per image (n>15) provided the attachment characteristics of different surface conditions 
(Figure 3). According to the results, PLL-coated glass surface provided the highest amount of microtubule 
attachment (658±40 μm/image). The remaining two cases, i.e. kinesin-coated glass and PLL-coated PDMS, showed 
similar characteristics (267±71 μm/image and 253±45 μm/image respectively).  

Considering the overall system, PDMS surface should be considered as the surrogate surface capturing and 
relocating microtubules because PDMS can easily be shaped, transported and manipulated. According to the 
attachment rates, capturing microtubules from a PLL-coated glass surface would be more difficult when compared to 
the kinesin-coated glass surface. In fact, using kinesin-coated glass surface has a crucial benefit for the overall 
system. Kinesin coating on the glass surface can be used for microtubule orientation [5]. Therefore, succeeding 
microtubule capturing on the kinesin-coated glass surface can easily be extended to orientation specific capturing of 
microtubules. 

Successful demonstration of microtubule capturing was performed (Figure 5). Microtubules on the 
kinesin-coated glass surface (Figure 5a) were captured by PLL-coated PDMS slab. Figure 5b shows the PDMS 
surface after capturing. Some of the microtubules were transferred from glass surface to the PDMS surface. 
Comparing the concentrations, we can conclude that only a portion of the microtubules was captured. Considering 
that microtubule attachment rates, thus the attachment strengths, were quite similar for the surfaces, partial capturing 
is quite understandable.  

Despite successful demonstration, repeatability of the capturing process is still an issue. Applying too much 
pressure on the PDMS slab during the capturing process damages the microtubules while applying not enough 
pressure results in poor capturing. Therefore, further optimization is required to increase the success rate of the 
capturing process. 
 

 
 
 

 
 
 
 
Figure 5. Fluorescence images of a) MTs on kinesin 
coated surface before capturing and b) PLL-coated 
PDMS surface after capturing. Some of the MTs 
were transferred to the PDMS stamp. Scale bar 
corresponds to 5 mm. 

 
CONCLUSION 

We proposed utilizing PDMS stamps as surrogate surfaces for capturing orientation-specific microtubules from a 
surface and transferring them to active areas of hybrid biomolecular devices. We have demonstrated the first step as 
microtubule capturing from a surface using a PDMS slab. The proposed system is a promising technique to simplify 
the targeted devices while providing the necessary functionalization in a short time and cost efficient way. This 
attempt to produce molecular chips in mass numbers may lead to develop the necessary technology to move from 
laboratory-based devices to point-of-care devices. 
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ORDERED MOLECULAR ASSEMBLY INSIDE CARBON NANOTUBE 
FOREST FILMS FOR HIGH-EFFICIENCY ENZYMATIC BIOFUEL CELL  

Syuhei Yoshino1, Takeo Miyake1,3 , Hirokazu Kaji1,3, Takeo Yamada2,3 Kenji Hata2,3 and  
Matsuhiko Nishizawa1,3 
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ABSTRACT 
    Molecularly ordered composites of polyvinylimidazole-[Os(bipyridine) 2Cl] (PVI-[Os(bpy) 2Cl]) and glucose 
oxidase (GOD) are assembled inside a film of aligned carbon nanotubes. The structure of the prepared 
GOD/PVI-[Os(bpy) 2Cl]/CNT composite film is entirely uniform and stable; more than 90% bioelectrocatalytic 
activity could be maintained even after storage for 6 days. Owing to the ideal positional relationship achieved 
between enzyme, mediator and electrode, the prepared film shows a high bioelectrocatalytic activity for glucose 
oxidation (ca. 15 mA cm-2 at 25 °C) with an extremely high electron turnover rate 
(ca. 650 s-1) comparable to the value for the GOD solutions, indicating almost every enzyme molecules entrapped 
within the ensemble (ca. 3 × 1012 enzymes in a 1× 1 mm2 film) can work to the full. The free-standing, flexible 
composite film can be used by winding on a needle device, for example, a self-powered sugar monitor. 
 
KEYWORDS 

Biofuel cell, Carbon nanotube forest, Glucose oxidase, Redox polymer 
 

INTRODUCTION 
Controlling the electrical contact of redox enzymes with electrodes is a critical issue for enzymatic biodevices 

such as biofuel cells and biosensors. [1-5] The mutual positioning between enzyme molecules, mediator molecules 
(not always necessary), and electrode surface determines the efficiency, reproducibility, and stability of the 
bioelectrocatalysis systems. 

We present herein an enzyme/mediator/electrode ordered ensemble that shows both “high turnover rate” and 

“large catalytic current”. In order to satisfy both of these requirements, the larger amount of enzymes than 

monolayer should be immobilized with keeping effective contact with electrodes. We realize such ideal condition by 
taking advantage of a film of well-aligned carbon nanotube forest (CNTF). [4,5] consisting of single-walled CNTs 
arrayed with a pitch of 16 nm. As illustrated in figure1, We have developed the stepwise process to construct 
molecular architecture with polyvinylimidazole-[Os(bipyridine)2Cl] (PVI-[Os(bpy)2Cl], MW: 15000) and GOD 
(EC:1.1.3.4, MW: 186 kDa).  

 
EXPERIMENT 

The CNTF film was first soaked in a stirred PVI-[Os(bpy)2Cl] solution. The amount of PVI-[Os(bpy)2Cl] in a 
CNTF film increased with the soaking time and these values are proportional to the CNTF film thickness, indicating 
that even the polymeric PVI-[Os(bpy)2Cl] can entirely and uniformly adsorbed inside the CNTF films , as illustrated 
in Figure 1b. A part of the free imidazole groups of the mediator polymer would adsorb on CNT surfaces via π-π 

interaction.[6]  
Subsequent loading of the GOD enzyme was conducted by immersing the PVI-[Os(bpy) 2Cl]-adsorbed CNTF 

Films in a stirred GOD solution. Figure 2a shows the CVs of GOD/PVI-[Os(bpy) 2Cl]/CNTF ensemble films. The 

a) b) c)

16 nm

GODPVI-[Os(bpy)2Cl] e-

Glucose
Figure 1. Photograph and schematic illustration of the CNTF-based glucose oxidation electrode prepared by 
stepwise modifications of PVI-[Os(bpy)2Cl] and GOD inside a CNTF film. 
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Figure 3 (Left) Photograph of the LED-based self-powered sugar indicator, at 
the tip of which the GOD/PVI-[Os(bby)2Cl]/CNTF film was wound. (Right) 
The device assembly was inserted in a grape to measure the LED blinking 
interval that correlates with the glucose concentration. 

catalytic current for glucose oxidation increased in response to the thickness of CNTF films, indicating that also 
GOD can entirely penetrate inside the PVI-[Os(bpy) 2Cl] -modified CNTF films. For example, the content of GOD 
incorporated in a 20μm-thick film was measured as ca. 0.86 μg by a C-6667 Protein Quantitation Kit. The current 
density was enhanced to as high as 26.7 mA cm-2 by turning up the buffer temperature to 37.5 °C. Importantly, more 
than 90 % of the electrode activity could be maintained even after 6 days storage in an air-saturated PBS solution 
(Figure 2b), proving the stability of bioelectrocatalytic architecture with the composite of PVI-[Os(bpy)2Cl] polymer 
and GOD. The anionic GOD molecules could be stabilized by cationic Os complex of the mediator polymer 
anchored on the CNT surface via π-π interaction. [6] 

The electron turnover rate for the 20 μm-thick film was ca. 650 s-1, being comparable with that of GOD in bulk 
solution containing an electron acceptor of O2 (700 s-1) or ferrocene (600 s-1) at 25 °C. [7] These results indicate 
that most of ca. 3 × 1012 GOD units within the film could efficiently work to the full, presumably owing to the 
molecularly ordered alignment of enzyme/mediator/electrode in the ensemble. Such a high efficiency of the present 
GOD electrode resulted in a resistance to oxygen inhibition, as shown in Figure 2c. The catalytic performance was 
almost identical in N2-saturated, air-saturated and even O2-saturated solutions. In general, glucose oxidation with 
GOD-modified electrodes is often disturbed by dissolved O2, which is troublesome for glucose sensing. However, 
the ordered Os(bby)2 groups in the present ensemble electrode could effectively accept the electron from GOD in 
preference to O2, resulted in excellent O2 resistance.  

The present free-standing, bioelectrocatalytic film could be used for miniature biofuel cell devices. We 
demonstrate here the application of the film to a self-powered sugar indicator designed for inserting into a fruit. For 
indicating the glucose concentration, the net performance of the biofuel cell system should be controlled by the 
glucose anode. Because the oxygen in fruits is limited to a lower concentration than glucose, we employ a 
gas-diffusion biocathode [8] for utilizing the abundant oxygen in air outside of the fruits. As shown in Figure 3, a 
piece of GOD/PVI-[Os(bby)2Cl]/CNTF film was wound on one lead of a light-emitting-diode (LED) device, whose 
blinking interval is inversely proportional to the power of the biofuel cell. [8] The other lead was connected to the 
BOD-based gas-diffusion 
cathode. The blinking interval 
of the LED upon inserting the 
device to a grape was 
coincident with that for the 
extracted juice, proving that 
this device could serve as a 
sugar indicator by simply 
being inserted into a grape. 
This principle of the 
self-powered sensor could be 
applied to more important 
blood sugar monitoring 
applications. We are planning 
to develop a 
GOD/PVI-[Os(bby)2Cl]/CNTF
-based device structure 
suitable for low-invasive 
insertion into a blood vessel 
through skins. 

Figure 2 (a) Cyclic voltammograms of GOD/PVI-Os/CNTF ensemble films at 10 mV s-1 in stirred air-saturated 
25˚C PBS containing 200 mM D-glucose. (b) The oxidation current densities at 0.6 V vs. Ag/AgCl for the 
GOD/PVI-[Os(bby)2Cl]/CNTF film (20μm thickness) in a stirred 200 mM D-glucose PBS solution, periodically 
measured during 6 days of storage in PBS solution. (c) The oxidation current densities at 0.6 V vs. Ag/AgCl for 
the GOD/PVI-[Os(bby)2Cl]/ CNTF film (20μm thickness) as a function of the glucose concentration. 
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In concrusion, the larger amount of enzyme units 
than monolayer were successfully immobilized with 
keeping the effective electrical contact with the 
electrode (CNTs), as summarized in Figure 4. In 
particular, we have succeeded in forming the entirely 
uniform bioelectrocatalytic architecture with 
PVI-[Os(bby)2Cl] and GOD inside a CNTF film. 
Owing to such ordered positional relationship between 
GOD, PVI-[Os(bby)2Cl] and CNT, the composite film 
showed both “high activity” for glucose oxidation (ca. 
15 mA cm-2

) and “high turnover rate” (ca. 650 s
- 1), 

indicating almost every enzyme molecules within the 
film could work in the full . 
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PEGYLATED AND FOLATE RECEPTOR-TARGETED LIPOSOMES FOR 

DRUG DELIVERY 
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ABSTRACT 
This study demonstrates the extension of a formerly established microfluidic hydrodynamic focusing technique for 

the production of small, nearly monodisperse liposomes toward the continuous-flow synthesis of PEG- and 
PEG-folate- modified liposomes for drug delivery applications via controlled laminar flow in thermoplastic 
microfluidic devices. These liposomes have been used to investigate the relationships between liposome size and 
cellular uptake mechanisms that go beyond previous studies which have focused on large, polydisperse liposome 
populations formed by traditional bulk methods. Our findings offer a low cost, rapid method for synthesizing 
functionalized liposomes and render the previously demonstrated microfluidic technology more practical for medical 
applications. 

KEYWORDS 
Liposome, Vesicle, Nanoparticle, Microchannel. 
 

INTRODUCTION  
Liposomes are unilamellar lipid vesicles that are well-suited as drug delivery vehicles. Liposomes are highly 

biocompatible and exhibit numerous advantages over traditional, unencapsulated drugs such as enhanced 
pharmacokinetics, improved efficacy, and decreased toxicity. Site-specific drug delivery and reduced bloodstream 
clearance rates may be achieved by appending a steric barrier of poly(ethylene glycol) (PEG) and tissue-specific 
targeting ligands to the exterior of the liposomes. Standard liposome preparation methods are on the bulk-scale, 
requiring multiple steps to achieve populations of vesicles with a limited size range and high polydispersity, with 
additional steps required to attach PEG or targeting moieties. The accepted size range for nanoparticles in drug 
delivery applications is 10 nm -100 nm in order to avoid renal filtration and passively target tumors by percolating 
through their characteristically leaky neovasculature. [1] Current methods of production based on bulk-scale synthesis 
offer limited ability to produce monodisperse liposomes within this size range, while the microfluidic method provides 
significantly smaller and more uniform liposomes (Fig. 1), with the additional advantage of elimination of 
post-processing steps for further size modification. This concept has the potential to provide on-demand liposomal 
drug production, a concept we term “pharmacy-on-a-chip”.  

The formerly demonstrated technique for synthesis of nearly-monodisperse unilamellar liposomes of tunable size 
via microfluidic hydrodynamic flow focusing of miscible streams of an aqueous buffer and lipids dissolved in an 
organic solvent [4] was extended in this study to demonstrate the formation of PEGylated and folate-targeted 
liposomes. This paper demonstrates the ability to synthesize populations of tumor-targeted vesicles in one simple 
one-step process using a disposable PDMS/glass device (Fig. 2). Significantly less expensive and much simpler 
fabrication methods were employed for device production, eradicating the costly, unnecessary MEMS-based 
fabrication technologies used for previous silicon wafer/glass devices. Folate was chosen as a targeting ligand in this 
work due to the multitude of epithelial cancers and 
inflammatory diseases in which significant 
overexpression of the folate receptor is a defining 
characteristic. [3] In addition, folate is well-suited as 
a targeting ligand for nanoparticle conjugation due 
to its affordability, accessibility, and small 
molecular weight in comparison to the overall size 
of nanoparticles. 

In this paper, we also demonstrate an 
application for microfluidic-directed formation of 
liposomes toward the realization of tumor-targeted 
“stealth” liposomes for drug delivery in a disposable 
PDMS/glass device by reporting the outcome of in 
vitro studies designed to illuminate the relationships 
between liposome size and cellular uptake 
mechanisms, going beyond previous studies which 
have focused on large, polydisperse liposome 
populations formed by traditional bulk methods. [5]  

Figure 1. Comparison of polydisperse liposomes produced 
by traditional methods [7] and significantly smaller and 
nearly monodisperse liposomes formed in a microfluidic 
system at different flow rate ratios (FRRs [4]). 

bulk 
microfluidic 
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Figure 4. UV-vis absorption data in line with AF4 from 
PEGylated non-folate (10% PEG-PE + 0% 
folate-PEG-PE), and folate (10% PEG-PE + 2% 
folate-PEG-PE) liposome samples, normalized to 
control (0% PEG-PE + 0% folate-PEG-PE) liposomes.  

 

 

EXPERIMENTAL SECTION 
 Microfluidic devices were fabricated using soft lithography techniques. Briefly, raised microchannel patterns 

were made in SU-8 substrates which were subsequently used as master molds for creating microchannels in PDMS. 
The PDMS pieces are bonded to glass via microwave-oven-generated plasma oxygen plasma. [2] These devices were 
used to form PEGylated liposomes and folate-targeted liposomes by including PEG-conjugated or 
PEG-folate-conjugated lipids during liposome synthesis with phosphate buffered saline (PBS) as a hydration buffer. 
The resulting liposomes were characterized using asymmetric flow field-flow fractionation (AF4) in-line with QELLS 
and MALLS for particle size analysis (Fig. 3), which verified the formation of nearly-monodisperse liposomes 
which incorporated PEG-modified lipids of tunable size with no presence of large aggregates (data not shown). AF4 
in-line with UV/Vis spectroscopy confirmed the effective integration of both PEG-lipids and folate-PEG-lipids by 
comparing absorption values of the fractionated samples to the theoretical values calculated from the initial lipid 
solution (Fig. 4). 

Although the microchannel geometries, aspect ratios, precision, and surface properties all varied significantly 
from the previously used silicon/glass chips, the PDMS/glass devices were successful in producing size-tunable 
liposome populations with similarly low polydispersity as previous work, [4] albeit with slightly different 
relationships between flow rate ratio and average liposome diameter. The PDMS/glass device also demonstrated 
effective incorporation of large, PEG- and PEG-folate- modified lipids into the liposomes (Fig. 4), which is notable 
due to the large molecular weight of the functionalized lipids compared to the native lipids. Post characterization, the 
liposomes were used for novel size-dependent cellular uptake studies. 

While numerous studies have investigated the effect of particle size on cellular uptake mechanisms in vitro, most 
have focused on particles larger than 100 nm, particularly liposomes which tend to be polydisperse and larger in size. 
[6] The present study enables, for the first time, the detailed exploration of size-dependent cellular uptake 
mechanisms for nearly monodisperse liposomes ideal for biomedical applications, featuring liposomes in the range 
of 10 nm -100 nm [1] in addition to larger liposomes in the scope commonly explored for in vitro studies which 

investigate liposome uptake. Caco-2 cells 
(human-derived colon carcinoma cells) were 
incubated with microfluidic-synthesized PEGylated 
liposomes ranging from 50 nm-236 nm in diameter 
and containing Dil-C18 lipophilic dye to facilitate 
fluorescence imaging and flow cytometry studies. 
Intracellular uptake and localization were investigated 
using confocal fluorescence microscopy (Fig. 5), 
which revealed a general increase in the colocalization 
of liposomes with early endosomal regions in the cell 
with decreasing size. Intracellular uptake was also 
investigated using flow cytometry (Fig. 6), which 
verified a significant increase in intracellular uptake 
with decreasing liposome size. Both in vitro cellular 
uptake studies resulted in the conclusion that a 
decrease in liposome size corresponds to a 
considerable increase in uptake, demonstrating that the 
microfluidic synthesis technique offers unique benefits 
for liposomal drug formulations. In addition to these 
studies which describe detailed cell uptake data as a 

Figure 3. Geometric radius from AF4 in line with 
MALLS/QELS. Different flow rate ratios (FRR) of 
buffer to lipid in solvent create monodisperse 
populations of liposomes of tunable size.  

 

Figure 2. (a) Liposome synthesis chip made using a 
PDMS mold from an SU-8 master, and (b) numerical 
simulation of hydrodynamic focusing in the device. 
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function of liposome size and surface functionalization, ongoing studies using various inhibitors to elucidate cell 
uptake mechanisms as a function of liposome size are underway. Due to the small and nearly monodisperse 
liposomes produced by the microfluidic technique, these studies provide a unique insight into the field of 
nanomedicine. 

CONCLUSION 
This study demonstrates the ability of a disposable PDMS/glass device to create nanoscale lipid vesicles 

functionalized for targeted drug delivery with distinct sizes and narrow distributions. The technique has enabled 
unique in vitro cellular uptake studies to be performed, with the potential to identify the most favorable size 
liposome for drug delivery applications targeting specific uptake pathways. Future efforts will be directed toward the 
continuation of cell uptake studies to probe the behavior of different sized liposomes in multiple cell types and with 
different lipid formulations or surface chemistries, animal models for pharmacokinetic analysis, and ongoing 
evolution of the microfluidic device to create novel features for further liposome manipulation and formation of 
unique liposome populations to create a fully functional “pharmacy-on-a-chip” for on-demand liposomal drug 
production.  
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Figure 5. Fluorescence confocal micrograph revealing 
endosome colocalization for different liposome sizes (EEA1 
marker, Caco-2 cells, 60 min incubation). 

 

Figure 6. Flow cytometry results for Caco-2 
cells incubated with liposomes containing 
Dil-C18 at 15 min and 60 min intervals. 
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ABSTRACT 
Transcriptional factors (TF) are proteins that bind to specific bases of DNA using DNA binding domains to carry out 

the process of transcription. Identification of TF binding sites is essential for understanding the regulatory circuits that 
control cellular processes such as cell division and differentiation as well as metabolic and physiological balance [1]. In 
this work, we deploy a proof-of-concept method adopting bio-conjugation, nanofluidic devices and single molecule 
techniques for direct mapping of TF binding sites on field stretched single DNA molecules. Here we demonstrated a 
simple and robust system for TF binding site identification, complementary to the existing techniques practiced in this 
field.    

KEYWORDS  

Microfluidics, nanofluidics, Transcriptional Factors, Single Molecule Studies, Fluorescence Imaging. 
 

INTRODUCTION 
In the recent years, single molecule techniques have a major contribution in the process of getting some insights on 

details at the molecular level, which in general are not feasible with ensemble experiments. Due to the advancement of 
micro/nano fabrication methods [2] [3], together with advances in fluorescence single molecule studies, we are now able 
to address previously unanswerable questions in relevant areas of research [4]. Various groups have tried and reported TF 
binding site mapping using single molecule techniques like optical tweezers [5], atomic force microscopy [6], molecular 
combing [7] etc. Here, we implemented a method that exploits the advantages of micro- and nano-fluidics, fluorescence 
single molecule imaging and analysis to map TF binding sites on genomic DNA molecules. With this, we could 
overcome some of the limitations and drawbacks involved in the existing techniques.  

 
EXPERIMENT 

In this work, we use fluidic devices composed of micro- and nano-regions fabricated in fused silica substrates and 
are conformably sealed by a coverslip. The nano-region here is a nanoslit with tens of nanometers in depth. TF (E.coli 
RNA polymerase) bound genomic DNA molecules (λ-phage), coupled with fluorospheres of sizes similar to or larger 
than the depth of the nanoslits, at one of their ends (by biotin-streptavidin linking [8]), were trapped at the micro-nano 
interface, thus stretching them in the nanoslits in the presence of a small electric field. The fluorospheres also serve the 
purpose of identifying the orientation of DNA molecules and facilitate mapping of TF binding sites with improved 
resolution. Both DNA and proteins were fluorescently labeled to achieve high-resolution mapping of TF binding sites 
using an epi-fluorescence microscope (Figure 1). 

    
                        

 

Figure 1. (a) Image of a completely assembled device. (b) Fluorescence image of fluosphere coupled λ-phage genomic 
DNA trapped at the micro-nano interface and stretched inside the nanoslit by an applied electric field. (Figure below 
shows a schematic representation of the scenario).  

(a) 
(b) (a) 
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Lambda phage DNA has two promoters and three pseudo-promoters for E.coli RNA polymerase holoenzyme 

(RNAP) [5]. We use this well-studied system to demonstrate the ability of our device in observing single DNA molecules 
with RNAP bound to them and measuring their binding locations. DNA-RNAP complexes are formed using 
formaldehyde crosslinking mechanism and RNAP is tagged with quantum dots (QDs) using primary-secondary antibody 
coupling. DNA molecules were labeled with YOYO-I nucleic acid stain (1:5 dye: base-pair ratio) (Figure 2).  

 

 
 
 

 
Figure 2. Time-lapse imaging shows the stretching of λ-genomic DNA (Green) with bound QD- labeled E.coli RNAP 
complex (Red) by applied electric field in the nanoslit. 

 
Experimental results show QDs localized along the stretched DNA molecules. A histogram was plotted with TF 

binding sites mapped from ~50 DNA molecules and our analysis shows that these positions are in good agreement with 
the promoter and pseudo-promoter regions for RNAP (Figure 3).  

 
 
               

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3. (a) Fluorescence images show λ-genomic DNA (green) with QD labeled E.Coli RNAP (Magenta) complex 
stretched inside the nanoslit. The large dots aligned on the left are the fluorospheres trapped at the micro-nano 
interfaces. (b) Localization of RNAP molecules bound to λ-genomic DNA stretched in the nanoslit. Histogram shows the 
values obtained from our experiments are in good agreement with known promoter (3.6 and 4.4µm) and 
pseudo-promoter (7.3, 8.2 and 8.5 µm) regions of E.coli RNAP [5]. 

 
 

Time 

(a) (b) 
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    Advantages of our device include multiplexing, quick mapping to identify TF binding sites and ability to distinguish 

real complexes from non-specific ones. Our device also opens up the possibility for a lab-on-chip device in which in-vivo 

complexed DNA-protein samples can be extracted and protein- binding sites mapped [9], which may serve as a simple and 

robust system for complementary analysis to the existing techniques practiced in this field. 
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ABSTRACT 
Stretching DNA in nanochannels allows for direct, visual studies of genomic DNA at the single molecule level. In 
order to facilitate the study of the interaction of linear DNA with proteins in nanochannels, we have implemented a 
highly effective passivation scheme based on lipid bilayers. We show long-term passivation of nanochannel surfaces 
to several relevant reagents and demonstrate that the performance of the lipid bilayer is significantly better compared 
to standard bovine serum albumin-based passivation. Moreover, we demonstrate how the passivated devices allow 
us to monitor single DNA cleavage events during enzymatic degradation. 
 
KEYWORDS 
single molecules, nanofluidics, protein!DNA interactions, passivation, lipid bilayer 

 
INTRODUCTION 
A promising tool for single-molecule studies of biomolecules and biomolecular interactions is the nanofluidic chip, 
where macromolecules, such as DNA, can be stretched, directly visualized, manipulated, and probed on their own 
length scales without being constrained by tethering to beads or surfaces [1, 2]. Nanofluidic channels have been used 
both to understand the polymer physics of confined DNA [3] and for DNA mapping [4]. While some 
proof-of-principle experiments of DNA!protein interactions in nanochannels have been performed [2, 5], 
widespread use remains elusive due to the problem of nonspecific adhesion of the proteins to channel walls, which is 
worsened by the extreme surface-to-volume ratio in nanofluidics. The standard means of passivating surfaces for 
protein studies include saturating the surface with either bovine serum albumin (BSA) or caseins (from dry milk 
powder) or coating the surface with PLL-g-PEG. Although such methods have proven very useful for open surfaces 
and in microfluidics, they have limited applicability to nanofluidics since, relying on stochastic binding to the 
surface and/or competition with the sample of interest, they are prone to defects. Furthermore, the passivation agent 
is often charged so that it can stick to the surfaces, but this limits its usefulness for studies of interactions between 
oppositely charged molecules in nanofluidic systems. 

In this study we demonstrate the use of LBLs as a passivation layer in nanofluidic networks [6], consisting of 
nanochannels and nanoslits, fabricated in fused silica. As opposed to immobilization-based passivation schemes, the 
use of LBLs provides a fluid, self-healing layer that is extremely smooth and inert to a wide variety of biomolecules. 
Using fluorescence microscopy we demonstrate the ability of LBLs to prevent sticking of protein-coated quantum 
dots and DNA!protein complexes.  

 

 
Figure 1: A schematic overview of the device. Four microchannels are used to bring in reagents to the nanofluidic 

structures in the center. In the illustrated scenario the right microchannel contains lipid vesicles and is coated with a 
LBL that spreads against a fluid flow into the nanochannels and the slit. 

 
 

EXPERIMENTS 
To form a LBL in nanochannels of dimensions on the order of 100 nm, we first deposited lipid vesicles in the 
microchannels, allowed them to rupture, and then let the formed LBL spontaneously spread into the nanostructures 
(Figure 1). We thus formed a uniform LBL in the nanochannels without introducing any vesicles into the channels. 
By imposing a counter flow of buffer opposite to the direction of the LBL spreading, we ensured that no lipid 
vesicles or debris entered into the nanochannels during the formation of the LBL. In order to evaluate the usefulness 
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of LBLs as a passivation coating, we introduce three types of samples into our devices: streptavidin-coated quantum 
dots (streptavidin-QDs), fluorescently labeled RecA proteins and RecA!DNA complexes. 

Bright streptavidin-QDs allowed us to evaluate any deficiencies in the ability of LBLs to prevent nonspecific 
protein binding, for example, due to small voids in the bilayer. The streptavidin-QDs were introduced into a 
nanofluidic chip consisting of a nanoslit (horizontal) and several nanochannels (vertical), both partially coated with a 
LBL (Figure 2a). The channels were flushed with streptavidin-QDs and subsequently with buffer. While the 
streptavidin-QDs to a large extent stick to the non-coated part, there is almost no sticking to the LBL- coated part of 
the nanostructure, demonstrating the effectiveness of the LBL coating. Sporadic streptavidin-QD binding can be 
seen, but binding to the few available defect sites saturates quickly and at low concentrations, which indicates that 
the streptavidin-QDs are bound to static defects in the LBL.  

To compare the performance of the LBL passivation to that of standard passivation schemes, we characterized 
the sticking properties of streptavidin-QDs in nanochannels prepared according to standard protocols with BSA [6], 
see Figure 2b,c. For the BSA-coated nanochannels streptavidin-QDs can be readily flushed into the chip, but a 
significant number of them remain stuck to the channel walls even after thorough washing with buffer. In contrast, 
coating the nanochannels with a LBL leads to a significantly lower density of stuck streptavidin-QDs after washing. 

 
 

 
Figure 2. (a) Fluorescence micrograph of a nanoslit in the center and arrays of nanochannels in the upper and lower 

right-hand side corners (see the schematic in the inset) partially coated with a LBL (red). Bright green spots, 
corresponding to bound streptavidin-QDs, clearly indicate the propensity of nonspecific binding to the uncoated 
areas and, by contrast, show that the number of defects in the LBL is very low. (b) Fluorescence micrograph of 

streptavidin-QDs (green) in an array of BSA-coated nanochannels. (c) Fluorescence micrograph of streptavidin-QDs 
(green) in an array of LBL-coated nanochannels (red). 

 
Lipid-coated nanochannels are potentially a powerful tool to directly visualize the organization and the dynamics 

of protein! DNA complexes. To demonstrate the antifouling properties of the LBL, we introduce a solution 
containing fluorescently labeled RecA proteins and nonstained "-phage DNA into nanochannels partly coated with 
LBLs (Figure 3). RecA forms filaments on DNA that can be several micrometers long. RecA proteins that are not 
DNA bound are small, and diffuse fast in the microchannels, reaching the nanochannels first. Flushing the proteins 
through the nanochannels, starting in the LBL-coated end, reveals that while the proteins do not stick to the LBL- 
coated part, the untreated nanochannels light up quickly due to adsorption of the fluorescently tagged protein (lower 
parts of Figure 3). Subsequently, large RecA!DNA complexes can be seen to readily move in the lipid-coated 
nanochannels while they stick immediately upon contact with the untreated nanochannel. 
 

Figure 3. RecA bound to DNA approaching from the top in lipid-bilayer treated channels toward the untreated 
channels. The untreated channels are clearly visible to the bottom with nonspecifically bound fluorescently stained 

RecA proteins. Arrows indicate the direction of the fluid flow driving the motion of the DNA. The RecA!DNA 
complex is immediately bound once it makes contact to the untreated channels. 
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As an example of a dynamic process that we can observe in our devices, we demonstrate the activity of a 
working enzyme in the nanochannels by introducing "-phage DNA in LBL- passivated nanochannels together with 
DNase I [7], an enzyme that cuts DNA at random locations. To be able to observe the actual cutting of the DNA, we 
introduced the DNA and the enzyme separately at different ends of the nanochannels. The DNA encounters the 
enzyme within the nanochannel, and because of the low concentration of the enzyme, individual cutting events are 
observed (Figure 4a). The DNA is typically entirely degraded within a time span of !10 s. This corresponds to the 
expected diffusion time of the enzyme along the length of the "-phage DNA in the channel, consistent with the 
known fast reaction kinetics of DNase I. As a negative control we rule out any significant contribution of
photonicking to the degradation of the DNA by a comparison with DNA in nanochannels without enzyme (Figure 
4b). Here the DNA remains intact over a !5 min time scale. 
 

 
Figure 4. Kymographs of DNA in nanochannels. (a) An examples of "-phage DNA in a nanochannel encountering DNase I 

enzymes. Single cuts are clearly visible. (b) "-phage DNA in a lipid-coated nanochannel without DNase I. 
 

In conclusion, we have demonstrated the performance of a LBL coating as an excellent passivation approach for 
nanofluidics in a range of applications. We have shown that a LBL prevents sticking of streptavidin-QDs and RecA 
proteins to the walls of a nanofluidic device. We have further demonstrated that the LBL passivation allows us to 
visualize RecA!DNA complexes as well as enzymatic digestion by DNase I along stretched DNA molecules in the 
nanochannels. We believe that the LBL passivation approach will be useful for systematic elucidation of kinetics and 
site specificity of protein!DNA interactions as well as for implementing DNA sequencing. 
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ABSTRACT 

We present a novel fabrication process of a single silver nanowire using metallization of a DNA molecule. First, we 
introduced a single λDNA molecule into a nanochannel by capillary force. Then, the λDNA molecule was stretched and 
immobilized by applying an AC voltage between two electrodes that were placed 15 μm apart. Next, naphthalene diimide 
molecules labeled with reducing groups were intercalated into the λDNA so that the reducing groups were arrayed along 
the λDNA strand. Finally, the λDNA was metallized with silver using treatment with Tollens’ reagent and reduction of 
silver ions along the λDNA, which resulted in formation of silver nanowires. The electrical property of the fabricated 
nanowire was evaluated with the complex impedance plot. As a result, an equivalent circuit for the nanowire was found 
to be expressed as the series connection of a resistance and several parallel RC circuits. 
 
KEYWORDS 

Nanowire, DNA, Nanochannel, Metallization, Intercalator 
 
INTRODUCTION 

Many research groups have already reported about metallized DNA nanowires for nanoelectronic components [1, 2]. 
However, their fabrication processes required complicated pretreatment such as modification of DNA molecules before 
their immobilization and metallization. Moreover, their processes were poorly-reproducible and low-yield due to 
unreliable immobilization techniques. In order to solve these problems, we previously reported a metallization technique 
of unmodified DNA molecules using intercalator molecules, which sequentially follows electrical immobilization of the 
DNA molecules between two electrodes in a microchannel [3]. However, because this process had difficulty in placing 
only a single DNA molecule between two electrodes, it was impossible to evaluate electrical properties of an individual 
nanowire. In this study, we present a novel fabrication process of a single nanowire using a nanochannel which is a 
powerful tool in manipulation and analysis of DNA at single molecule level [4]. This permits simple, highly-reproducible, 
high-yield formation of a single nanowire, which will be very helpful for accurate analysis of its electrical properties. 

 
METHODOLOGY 

Figure 1 shows the procedure of nanowire formation. A device for nanowire formation consists of a microchannel, 
several nanochannels, and two gold electrodes. First, when a solution including λDNA molecules of 16μm in length is 
injected into the microchannel (Fig. 1(a)), each single λDNA molecule is introduced into a nanochannel by capillary 
force (Fig. 1(b)). Then, the λDNA molecule is stretched and immobilized between the electrodes by applying an AC 
voltage of 1 MHz and 20 Vp-p [5] (Fig. 1(c)). Next, when a solution of naphthalene diimide molecules labeled with 

Stretched and
immobilized

DNA

Capillary
force

500 nm

Electrodes

DNA

Applied voltage

Injected
DNA solution

Micro-
channel

Nanochannel(a)

(b)

(c)

DNA

AgTollens’
reagent

Intercalation

Metallization

Naphthalene diimide
(Intercalator)

Galactoses
(Reducing groups)

Metallized DNA

(d) (e)

(f)

Naphthalene

diimide

(Intercalator)

Reducing
groups

(Galactoses)

(g)

Figure 1. Procedure of formation of a single metallized DNA nanowire (a-f) and structural formula of 
reducing group-labeled intercalator (g). 
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reducing groups, galactoses, as shown in Fig. 1(g) is introduced into the microchannel, the naphthalene diimide 
molecules diffuse into the nanochannel and are intercalated into the double strand of λDNA so that the galactoses are 
arrayed along the λDNA (Fig. 1(e)). Finally, when Tollens’ reagent including silver ions is injected into the microchannel, 
silver ions diffuse into the nanochannel, and the λDNA is metallized with silver because aldehyde groups of the 
galactoses reduce silver ions along the λDNA (Fig. 1(f)). 

 
EXPERIMENTAL RESULTES 

Figure 2 shows the schematic of a micro/nano fluidic device for nanowire formation. The microchannel measuring 50 
μm in depth was made of PDMS (polydimethylsiloxane). The nanochannels measuring 500 nm in width and 500 nm in 
depth were fabricated on a silicon wafer using a FIB (focused ion beam) technique. The two gold electrodes were 
patterned 15μm apart using a lift-off process after the wafer surface was insulated by a thermal oxidation process. Figure 
3(a) shows a photograph of the fabricated device. The SEM image of the fabricated nanochannels is shown in Fig. 3(b), 
and the cross-sectional SEM image of the fabricated nanochannel is shown in Fig. 3(c). 
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Figure 2. Schematic of a micro/nano fluidic device for 
nanowire formation. 

Figure 3. Photographs of the fabricated device and 
SEM image of the nanochannel. 

 
The fluorescence image of the stretched and immobilized λDNA which were preliminarily labeled with the 

fluorescent dyes (Hoechst 33258) is shown in Fig. 4. Also, the SEM images of the silver nanowire formed by λDNA 
metallization are shown in Fig. 5. The fabricated nanowire had a linear chain conformation of silver clusters, and its 
average width was about 30 nm. 

 

 
Figure 4. Fluorescence image of the λDNA stretched and 

immobilized between the electrodes. 
Figure 5. SEM images of the metallized λDNA nanowire.

 
Figure 6 shows the impedance spectrum of the nanowire formed between a pair of electrodes in the nanochannel. The 

impedance was maintained at an almost constant value in the frequency lower than 100 kHz, and decreased rapidly in the 
range of 100 kHz to 5 MHz. Figure 7(a) shows the complex impedance plot obtained from the nanowire in the frequency 
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range of 4 Hz to 5 MHz. In our analyses, the equivalent circuit for the nanowire was given by the series connection of a 
resistance and several parallel RC circuits (Fig. 7(b)). Probably the circular arc was mainly attributed to the resistances 
(Rn) and capacitances (Cn) at the contact faces between adjacent silver clusters. Also, the bulk resistance of silver clusters 
(R0) was much smaller than Rn. 
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Figure 6. Impedance spectrum of the metallized λDNA 
nanowire. 

Figure 7. Complex impedance plot and an equivalent 
circuit of the metallized λDNA nanowire. 

 
CONCLUSIONS 

We fabricated a silver nanowire using metallization of a single λDNA molecule after its straight stretch and 
immobilization between the two microelectrodes which were placed 15 μm apart in a nanochannel. The fabricated 
nanowire had a linear chain conformation of silver clusters, and its average width was about 30 nm. Also, an equivalent 
circuit of the nanowire was estimated using an electrical impedance analysis. Naphthalene diimide molecules labeled 
with reducing groups that were used for DNA metallization in this study can be intercalated into double-stranded DNA, 
but cannot be into single-stranded DNA. In the near future, in order to give molecular recognition property to metallized 
DNA nanowires, we will make non-metallized portion on the nanowires using partial metallization of DNA complexes 
consisting of single strands and double strands. 
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ABSTRACT 

This paper reports the use of a microelectro-mechanical system (MEMS)-based nano-tweezer in order to 
measure the effects of the interaction of calix[n]arene capped silver nanoparticles on the mechanical properties 
of DNA molecules.  
 
KEYWORDS: Silicon Nano Tweezers, DNA, silver nanoparticles, Calix[n]arene 
 
INTRODUCTION 

The interaction between metallic nanoparticles and DNA offers great potential. A large number of studies 
have already shown the interest of this complexation for biological uses including diagnostics [1] and medical 
applications [2]. With regard to electronic and plasmonic applications, the self assembly properties of DNA 
can be associated with metallic nanoparticles to construct a variety of metallised and nanostructured shapes [3].       
Manipulation of DNA at the molecular level is essential for understanding the effects of such interactions 
between specific functional nanoparticles and DNA molecules. Biophysical information concerning the 
interaction of DNA with other elements is usually performed using optical tweezers [4], magnetic tweezers [5] 
or atomic force microscopy [6]. Because of their low cost, ease of sample preparation, and use of 
biocompatible conditions, Silicon-Nano-Tweezers (SNT) has recently proved its great interest [7]. Here, we 
will present for the first time the mechanical effect of para-sulphonato-calix[4]arene (SC4) capped silver 
nanoparticles on DNA molecules.  
 
EXPERIMENTAL 

The SC4 capped silver nanoparticles solution (Fig.1-a) were prepared by the method of Xiong [8]. We 
have recently demonstrated their abilities to interact with nucleotides and nucleosides [9]. DNA λ-phage was 
purchased from TaKaRa (Japan). DNA and nanoparticles were at a final concentration of 1 µg/µL and 1.10-4M 
respectively. DeIonized water was used as blank instead DNA. Their interactions with DNA λ-phage has been 
observed colorimetrically (Fig. 1-b) and spectrophometrically with a UV-visible spectrophotometer (Fig.1-c). 
After adding DNA into the nanoparticles solution, we observed a slight red shift (10 nm) of the plasmon 
resonance absorption of the hybrid nanoparticles. Moreover, AFM imaging measurements confirmed the 
attachment of the nanoparticles along the DNA (data not shown).  

 
 
 
 
 
 
 
 
 
 
 
Figure 1: (1-a) Schematic representation of the 
organization of SC4 on silver nanoparticles (1-b) 
Pictures of SC4 silver nanoparticles mixed with 
DI water (on the left) and DNA    
 (on the right). (1-c) UV Visible spectra of SC4 
silver nanoparticles mixed with DI water or 
lambda DNA.   
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SNT (Fig.2-a) are fabricated using standard microfabrication processes [7]. They consist of 1) a pair of 

opposing nanotips, 2) an electrostatic actuator for nanometer accuracy motion, and 3) a capacitive 

displacement sensor. 

 

In the first step, the tweezer tips are brought to the surface of the DNA solution (droplet) on a glass slip 

and an AC voltage is applied between the tips (1 MHz, 16 Vpp) (Fig.2-b). By dielectrophoresis, a DNA bundle 

is extended and trapped between two tips of the tweezers (Fig.2-c). Next, the probes of SNT with trapped 

DNA bundle are introduced into the silver nanoparticles solution or DI water as negative control.  

Resonance characteristics (frequency and amplitude) of the system are continuously recorded every 0.6 

seconds following the 90° phase rotation at the resonance frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (2-a) Schematic diagram of silicon nano tweezers. 

(2-b) Tweezers tip immersed in DNA droplet. (2-c) DNA 

molecule bundle trapped in between tips (in air). 

 

 

RESULTS AND DISCUSSION 

Figure 3 shows the frequency resonance (black line) and the Q factor (red line) of the tweezers. From the 

immersion start of the tweezers with the DNA bundle into the nanoparticles solution and as the interaction of 

the nanoparticles proceeds along the DNA bundle, the resonance frequency increases and the Q factor is stable 

(Fig.3-b). The stability of the Q factor means that there is no difference in the amplitude of oscillations and as 

a consequence no energy loss. Interestingly, the increase of the resonance frequency indicates the stiffening of 

the DNA bundle with the nanoparticles attachment. For the witnesses, the bundle in water has shown no 

frequency variation in absence of nanoparticles (data not shown). The tweezers without DNA trapping proved 

to be very stable inside nanoparticles solution (Fig.3-a). 

Transmission electronic microscopy has been performed after 5 minutes of immersion. Figure 4a 

confirmes that the bundle of DNA did not break up after removing the tweezer from the nanoparticle solution 

prior to observation by TEM. Figure 4b is focused on the bundle of DNA, confirming the attachment of the 

silver nanoparticles along the DNA. 

 

CONCLUSION 

SNT is a powerful tool to monitor in real-time the dynamic of silver nanoparticles attachement. SC4 

nanoparticles provided extensive effect on DNA. Other calix[n]arene derivate capped silver nanoparticles will 

be investigated. We expect other mechanical and electronical properties according to their assemblies with 

DNA. This is promising for such applications as genotyping, or as news hybrid materials assemblies.  
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Figure 3: Frequency and factor Q vs time (3-a) 

Tweezers inside nanoparticles solution (3-b) 

Tweezers + DNA inside nanoparticles solution. 

 

Figure 4: TEM picture of tweezer + DNA immersed 

inside nanoparticles solution (4-a) shows the bundle 

of DNA (4-b) shows silver nanoparticles along the 

DNA.
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RAPID AIRBORNE VIRUS DETECTION USING MIST-LABELING              
BASED ON MICRO REACTION PROCESS  

Kei Takenaka1, Shigenori Togashi1, Ryo Miyake2 
1Hitachi, Ltd., Japan, 2Hiroshima University, Japan 

 
ABSTRACT 
    We have devised a new method “mist-labeling” binding fluorescent dyes to viruses in less time for a rapid 
detection of airborne viruses such as avian flu. The mist-labeling is the method that makes micro size mists (f5 nm) 
containing fluorescent dyes run into viruses collected on a plate using airflow through a small nozzle, and improves 
the binding rate of fluorescent dyes and viruses by a micro reaction process.  

We achieved that the detection rate of substitution viruses in 5 min reaction time is over 90 % by the 
mist-labeling compared to less than 10 % by the common method.   
 
KEYWORDS 
Rapid detection, airborne microbe, mist, fluorescence, pandemic prevention.  

 
INTRODUCTION 

 There are growing concerns about a pandemic of a 
lethal infection such as avian flu. Vaccine is one of methods 
against infections however this can’t prevent an infection 
spread in early phase of the epidemic because it takes long 
time to supply enough vaccine. We think that we can prevent 
an infection spread using a rapid and high sensitive system 
which can collect airborne viruses or bacteria and detect 
them (Figure 1) because it is easy to provide measures 
rapidly such as a movement restriction. 

We achieved the system which can collect viruses 
(>f0.3 mm) and detect them in hours by a gene 
amplification [1]. However, a gene amplification needs 
processes to elute genes of virus in water and long time to 
amplify genes. We studied how to bind fluorescent dyes to 
collected viruses by a fluorescence antibody technique and 
to detect viruses optically for a simple and rapid detection. 
The fluorescence antibody technique is known as one of 
high-sensitive detection methods for viruses, but this needs 
up to a few hours to bind sufficient fluorescence dyes to viruses for detection [2]. In this paper, we have developed a 
mist-labeling that can detect substitution viruses in a short time to improve the binding rate of fluorescent dyes and 
substitution viruses by the micro reaction process.  
 
MIST-LABELING 

Figure 2 shows processes of the mist-labeling and a 
common method. A feature in processes of the mist-labeling 
is that this uses an impaction technique, which makes 
particles run into a collecting plate by an inertial force a 
high-velocity airflow through a small nozzle, in three 
processes consisted of collecting viruses on a collecting 
plate, binding fluorescent dyes to viruses and removing free 
fluorescent dyes, while a common method uses the 
impaction technique in only collecting viruses. 

The mist-labeling makes micro size mists containing 
fluorescent dyes run into viruses on a collecting plate by the 
impaction technique in binding fluorescent dyes to viruses. 
And the mist-labeling has following advantages. (1) This 
can collect airborne viruses, bind fluorescent dyes to viruses 
and remove free fluorescent dyes continuously. (2) This can 
collect viruses and mists on a small area of collecting plate 
under a nozzle and make mists run into viruses effectively. 
(3) This can improve the binding rate of viruses (antigen) 
and fluorescent dyes (antibody) by the micro reaction 
process without a micro flow-cell.  

The fluorescent dye’s diffusion time in this is shorter 
than that in a common method as a reaction space is smaller 
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(Figure 3). Moreover, the binding reaction between 

fluorescent dyes and viruses proceeds more as virus 

concentration is higher with a minimization of a 

reaction space.  

Figure 4 shows a diffusion time of a fluorescent 

dye (f5 nm). Following the theory of brownian motion, 

the diffusion length during a time interval t as 

 

                     ,             (1) 

 

where D is a diffusion coefficient of a fluorescent dye.  

The diffusion time is shortened from 

2.5x10
5
(sec) in common method to 2.5x10

-1
(sec) in 

mist-labeling. 

Secondly, figure 5 shows a kinetic analysis of an 

influenza virus’s antigen-antibody binding reaction 

referring to Katakura [3] and Gopinath [4].  

Antigen-antibody reaction is reversible reaction. The 

reaction rate of antigen-antibody complex AB is shown as  

 

                             ,     (2)  

 

where kon is association rate constant and koff is 

dissociation rate constant, [A] is antibody concentration 

and [B] is antigen concentration, and solving equation (2) 

gives,  

 

                            ,        (3)  

 

where t is reaction time,  

                    ,             (4)  

 

                    ,             (5) 

 

                    ,             (6) 

 

                                ,       (7) 

 

                         ,           (8) 

[A]t=0 is initial antibody concentration and [B]t=0 is initial antigen concentration.  

The time until a binding rate exceeding 80% is shortened from 540 (sec) in common method to 30 (sec) in 

mist-labeling. 

 

EXPERIMENT 

We used a virus sampler to evaluate the 

mist-labeling (Figure 6). This sampler has more than 

80 % collection efficiency for more than f0.3 mm 

particles [1]. This consists of a multi-hole plate with 

308 nozzles (f100 mm) made by an electron beam 

and a collecting plate consists of a PDMS sheet and a 

cover glass. An outlet of the sampler was connected 

to a vacuum cleaner (CV-SR9, Hitachi) in use and air 

containing viruses flow through nozzles at 100 m/sec.  

We used biotinylated beads (f0.2 mm, Invitrogen) as substitution viruses. These beads emit green fluorescence 

(peak wavelength: 510nm) to find easily. And we used Dylight650 streptavidin (Thermo Scientific) as fluorescent 

dyes. These dyes are preparations of streptavidin biotin-binding protein that are tagged Dylight650 emitting red 

fluorescence (peak wavelength: 650nm).  

In the process of collecting biotinylated beads, water mists containing biotinylated beads were spread in air 

with an ultrasonic nebulizer (NE-U17, OMRON) (particle size distribution: f1~8 mm, nebulization rate: 1 ml/min) 

and the sampler collected biotinylated beads after the evaporation of water mists. In the process of binding 

fluorescent dyes to biotinylated beads, an inlet of the sampler was connected directly to an outlet of another 

ultrasonic nebulizer (NE-U17) and the sampler collected mists containing fluorescent dyes before the evaporation of 

mists.  
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RESULT AND DISCUSSION 

Figure 7 shows trinary images of biotinylated 

beads captured with a fluorescent microscope 

(IX71, ORYMPUS) and a cooled CCD (ORCA-ER, 

HAMAMATSU PHOTONICS). We evaluated the 

detection rate of biotinylated beads in the 

mist-labeling and the common method. The 

detection rate was defined as the rate of the 

number of biotinylated beads emitting fluorescence 

of Dylight650 to the total number of biotinylated 

beads. Figure 7 shows that the detection rate in 

mist-labeling is over 90% while this in common 

method is less than 10%.  

Figure 8 shows the reaction time dependence 

of the detection rate of biotinylated beads in using 

1.2 mg/ml Dylight650 streptavidin. Figure 9 shows 

the Dylight650 streptavidin concentration 

dependence of that in 5 min reaction time. 

Non-biotinylated beads were to check an absence 

of non-specific binding between a bead’s surface 

and Dylight650 streptavidin.  

Figure 8, 9 show that the mist-labeling improves 

the detection rate considerably because this binds more 

Dylight650 streptavidin to biotinylated beads in a short 

reaction time and the low concentration than the 

common method. 

 

CONCLUSION 

Although there are growing concerns about a 

pandemic of a lethal infection such as avian flu, we can’t 

prevent an infection spread in early phase of epidemic 

with existing prevention methods such as vaccine. We 

have devised a new method “mist-labeling” binding 

fluorescent dyes to viruses in less time for the purpose 

of development of a system which can collect and detect 

airborne viruses rapidly. The mist-labeling is the method 

that makes micro size mists (f5 mm) containing 

fluorescent dyes run into viruses collected on a plate 

using airflow through a small nozzle, and improves the 

binding rate of fluorescent dyes and viruses by a micro 

reaction process. We achieved that the detection rate of 

substitution viruses in 5 min reaction time is over 90 % 

by the mist-labeling compared to less than 10 % by the 

common method. We think the mist-labeling has a large 

potential of contributing to the pandemic prevention.  
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ION-ALTERED-FLUORESCENCE IMAGING (IAFI): A NEW, NON-INVASIVE, 
VISUALIZATION METHOD WHICH SIMULTANEOUSLY IMAGES SCALAR 

FIELDS AND QUANTIFIES LOCAL ION CONCENTRATION 
Viktor Shkolnikov and Juan G. Santiago 

Department of Mechanical Engineering, Stanford University, Stanford, CA 94305, USA 

ABSTRACT  
We present a novel method for full-field scalar visualization and quantification of ion concentration fields: ion-altered- 

fluorescence imaging (IAFI). The method employs electrically neutral fluorescent dyes whose quantum yields are selectively 
quenched or enhanced by anionic and/or cationic species. IAFI enables simultaneous imaging of material interfaces and 
provides non-invasive, scalar-field quantitation of two-dimensional ion density fields.   We here demonstrate this method in 
the full-field visualization of several challenging electrokinetic flows:   isotachophoresis (ITP) in both anionic and cationic 
modes and in a convective electrokinetic instability (EKI) flow. 

KEY WORDS 
ion visualization, fluorescence quenching, electrokinetic visualization, full-field imaging   

INTRODUCTION 
Estimation of ion concentration profiles is needed for qualitative detection and quantification of analytes in many 

microfluidic experiments, such as liquid chromatographic and electrokinetic assays.  Traditionally, temperature, conductivity, 
electrochemical, and UV absorbance detectors have been used to indirectly estimate ion concentration profiles in 
electrokinetic microfluidic or capillary systems [1, 2]. However, these typically consist of point detectors and thus do not 
permit dynamic, full-field visualization of unsteady scalar fields.  Standard full-field fluorescence visualization offers high 
sensitivity and is easy to implement in microfluidic devices [3, 4]. However, such visualization provides information 
associated with the concentration and quantum yield of the fluorescent tracer itself, and little information concerning the 
concentration of other, non-fluorescent ions endogenous to the flow and its application. To address this, we propose a novel 
method we term  ion-altered-fluorescence imaging (IAFI) which leverages fluorescence quenching or enhancement intrinsic 
to ions of interest to provide information concerning the concentration and identity of these ions.   

IAFI employs electrically neutral fluorescent dyes whose quantum yield is selectively quenched or enhanced by anionic 
and/or cationic species.  IAFI enables simultaneous imaging of material interfaces (between dyed and un-dyed regions) and 
provides a non-invasive scalar field quantitation of two-dimensional ion density fields.   We here demonstrate this method in 
the full-field visualization several challenging electrokinetic flows:   isotachophoresis (ITP) in both anionic and cationic 
modes and in a convective electrokinetic instability (EKI) flow. We know of no other method which can non-invasively 
visualize and quantify ion concentration profiles in such a wide range of flow and electrokinetic phenomena. We provide 
guidelines for selecting and employing these specialized dyes. 

CONCEPT AND THEORY 
IAFI employs net electroneutral dyes whose fluorescence is strongly quenched or enhanced by ions and/or neutral 

species. For electrokinetic experiments we select IAFI dyes according to the following criteria: (a) dye is net neutral at and 
near the pH of interest; (b) dye does not react, complex, or interfere with species of interest or the surfaces of the chamber; 
(c) dye has a high initial quantum yield and high solubility in the solvent and at pH of interest;  (d) dye's fluorescence is 
strongly quenched or enhanced by ions of interest.  To quantify the ion concentration, we also chose dyes whose fluorescence 
quenching for analytes of interest follows the Stern-Volmer equation 

0
,1 ,Q i i

i

F K c
F

   (1) 

where F0 is the fluorescence intensity in the absence of quencher, Fi is the fluorescence intensity in the presence of the 
quenching electrolyte i, KQ,i is the quenching constant of the electrolyte i, and ci is the concentration of ion of interest in the 
electrolyte i for which the KQ,i is measured.  

EXPERIMENTS 
To demonstrate IAFI we performed full-field visualization and quantitation of isotachophoresis (ITP) in both anionic and 

cationic modes and a convective electrokinetic instability (EKI) flow. To demonstrate quantitation using IAFI, we first 
calibrated fluorescence quenching of dye 6-methoxy-N-(3-sulfopropyl) quinolinium (SPQ) dye in five buffer systems using 
the Stern-Volmer equation, as shown in Figure 1.  We here show (selective) quenching characteristics specific to five buffers:  
pyradine-HEPES (pH 6.2), imidazole -HEPES (pH 7.1), tris-HEPES (pH 7.3), amediol-HEPES (pH 7.4), and sodium-HEPES 
(pH 7.4). The experimental data show an excellent fit to the Stern-Volmer equation from 5 to 80 mM analyte (cationic buffer 
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component) concentrations, indicating that SPQ may be used to provide quantitative, calibrated, ion-specific information in 
electrokinetic flows.  

 

Figure 1. Stern-Volmer plot for quenching of 6-methoxy-N-(3-
sulfopropyl) quinolinium (SPQ) by buffers pyradine-HEPES (◊, pH 
6.2), imidazole-HEPES(, pH 7.1), tris-HEPES (x, pH 7.3), 
amediol-HEPES (□, pH 7.4), and sodium-HEPES (○, pH 7.4). The 
regression coefficients R2 are greater than 0.99 for analyte 
(cationic buffer component) concentrations from 5 to 80 mM, 
demonstrating the potential for highly accurate and selective 
quantitation of specific ions using IAFI. 

Next we demonstrate visualization and simultaneous quantiation of ion concentrations in an electrokinetic experiment, 
cationic isotachophoresis. In Figure 2 we show cationic ITP experiments where SPQ and 10-(3-sulfopropyl)acridinium 
betaine (SAB) were used to visualize and quantify spatiotemporal development of distinctly five cation zones in ITP. 
Importantly, SPQ and SAB are each electrically net neutral between pH 0 - 12 and therefore do not interfere with buffer 
conductivity, buffer pH, or the electrokinetic process (including ITP dynamics). We estimate the cationic component 
concentration of trailing electrolyte zone using Stern-Volmer quenching constants (Figure 1). The measured concentrations 
via IAFI agrees to within 10% or better versus predicted concentrations.    

 
Figure 2. Spatiotemporal plots of eight cationic isotachophoresis (ITP) experiments visualized and quantified with SPQ (a-d) 
and visualized with 10-(3-sulfopropyl)acridinium betaine (SAB) (e-h) (both 2.5 mM). Each box shows cross-sectional area-
averaged intensity of dye fluorescence vs. distance along the channel (horizontal axis, x = 0 to 2.3 mm) and time (vertical 
axis, 0 to 9 s). The top left region of each plot quantifies the trailing electrolyte (TE) development and the bottom right region 
the leading electrolyte  (LE). Each dye is able to clearly visualize the interface between LE and TE and quantify each of the 
five analyte concentrations of interest (imidazole, amediol, pyradine, or tris). The measured concentrations of TE ions agree 
to within 10% or better of predictions for each case.  

In Figure 3 we show two anionic ITP experiments where SPQ and SAB were used to simultaneously visualize and 
quantify spatiotemporal development of distinctly five anion zones in ITP. In Figure 3a we employed 5 mM SPQ to observe 
20 mM chloride leading electrolyte (LE), 20 mM nitrate, 16 mM carbonic acid, 13 mM 3,5-dinitrobenzoic acid, and 12 mM 
HEPES trailing electrolyte (TE) zones in a single ITP experiment. Tris served as the counterion in all zones. In Figure 3b we 
employed 2 mM SAB to observe 50 mM formic acid (LE), 40 mM nicotinic acid, 32 mM HEPES, and 38 mM L-Asparagine 
(TE). Tris again served as the counterion in all zones. The zone observed between HEPES and L-Asparagine in Figure 3b is 
likely an impurity. Each dye clearly visualizes interfaces between individual ion zones in these highly unsteady, non-uniform 
flows with high gradients. 
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Figure 3. Spatiotemporal plots from IAFI showing development of five ion zones migrating under ITP.   Here we use (a) SPQ 
(5 mM) and (b) SAB (2 mM) IAFI dyes. In (a) IAFI visualizes the spatiotemporal development of five distinct anion zones: 
chloride (LE), nitrite, carbonic acid, 3,5-dinitrobenzoic acid, and HEPES (TE). The blurred interface between the chloride 
and nitrite zones likely indicates zone mixing (i.e. a “shared” ITP zone). In (b) IAFI visualizes the spatiotemporal 
development of formic acid (LE) nicotinic acid, HEPES, and L-asparagine (TE). The zone observed between HEPES and L-
Asparagine is likely an impurity.  

Lastly, in Figure 5 we show convective EKI experiments [6] visualized and quantified with IAFI. Shown are three images 
of a highlight unsteady, fully-chaotic flow instability in an electrokinetic flow focusing experiment.   IAFI captures both the 
transverse velocity fluctuations of the secondary flow and quantitatively measures local ion densities as the EKI mixes the 
center stream with two sheath streams. 

 

Figure 4. Two dimensional, full-field visualization of a convective electrokinetic 
instability (EKI) near a cross-type intersection of an electrokinetic chip.  Shown are 
three images taken 15 s apart and visualized via IAFI using SPQ at 4 mM. Low 
conductivity streams (white, 60 µS/cm, 10 mM HEPES, 300 µM KCl) from top and 
bottom were mixed with a high conductivity center stream (red (or gray in bw), 4 
mS/cm, 10 mM HEPES, 30 mM KCl)  and driven by order 400 V/cm electric field. 
This configuration is well known to result in EKI at high fields [6].  IAFI is able to 
simultaneously visualize material lines between the two streams and quantify the 
dynamics of the chloride concentration in the entire field.   
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ABSTRACT 100 words 

We have developed a simple method for measuring surface flow velocity inside a microfluidic channel. Tracking 

the refractive index boundary in the flow channel gave the flow velocity. The refractive index boundary was measured 

by surface plasmon resonance (SPR), thus our method gave both the physical flow condition and biological interaction 

information in a single sample run. In our previous attempt, we required the shape of the boundary to be predefined for 

tracking. In this report, we introduce a 2D Fourier transform based algorithm where no predefined shape is required for 

tracking, and we test its capability with a milk sample. 
 
KEYWORDS 
Flow velocity, surface plasmon resonance, refractive index, Fourier transform 

 
INTRODUCTION 

The flow velocity in a microchannel affects the mixing efficiency and reaction rate, and is affected by the channel 

shape and flowing liquid properties. In a biological interaction assay that of an immobilized antibody and antigen in a 

sample, we need to consider the mass transport caused by flow and diffusion (represented by the Péclet number) in this 

heterogeneous reaction at the microchannel wall in order to design the optimum flow condition in terms of sensitivity 

and the dynamic range of the assay [1]. Therefore, flow velocity measurement methods have been widely studied [2]. 

However, most methods require us to mix marker particles and to use special optical setups that are not suitable for use 

with biological assays. 
By contrast, there has been an increasing demand for a simple and easy biological assay technique for healthcare, 

agriculture, and food industry applications. We have developed a surface plasmon resonance (SPR) and microfluidic 

device based immunoassay system to meet these demands [3-5]. We used a small sized SPR instrument and a capillary 

force self-pumping microfluidic system equipped with an antibody array. This system can detect multiple target 

molecules with an antibody array immobilized in the microfluidic device. For this system, we have developed an 

in-situ method to measure the surface flow velocity in the microfluidic device to compensate for the unstable flow rate 

of the self-pumping system. 
Here, we report the extended capability of surface velocimetry for microfluidic devices. The previous method [6] 

required a single sharp liquid-liquid boundary, and was limited to determining the average velocity of the entire flow 

through time and streamwise length. 
We introduce a new algorithm for measuring variations in time and the internal flow velocity and employ a sample 

injection microfluidic circuit that shapes the liquid-liquid boundary and thus alleviates the boundary shape restriction. 

We tested this method in an immunoassay application using a milk sample and were able to measure the flow velocity 

variation. Our method can be applied to a wide range of sensors and provide hydrodynamic information about samples. 

It will also provide practical nano-scale surface velocimetry for the investigation of such liquid behavior as unsteady 

flow, and the slipping and adhesion of molecules to the walls of microfluidic devices. 
 

 

Figure 1.  Principle of surface velocimetry. The moving velocity of the refractive index boundary was 
directly measured by SPR. The velocity reflects both the movement of liquid and the diffusion of liquid 
molecules with a low Péclet number (<100). 
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RESULTS and DISCUSSION 
Our velocimetry approach is based on tracking the RI boundary of two sequentially injected sample liquids (Fig. 

1). First, the refractive index (RI) boundary is detected using a piecewise 2D Fourier transform (2DFT) from the RI 

map (Fig. 3). Because any patterns moving at the same speed in Fig. 3 are converted to a line crossing the origin by the 

2DFT, unclear boundary lines and multistep boundary segments can be detected. This enable us to detect the position 

dependent flow velocity while a real sample (milk) was flowing. We adopted this algorithm from μPIV technology, not 

for the particle trajectory, but for the near-field RI data. Because the RI directly measures the flow velocity including 

the diffusion of the liquid constituent, our method provides undisturbed real flow conditions. Second, we designed an 

optimized microfluidic circuit to realize a clear liquid-liquid junction, and the RI boundary was formed just in front of 

the SPR observation area. This circuit is compatible with any immunoassay device with an antibody array, and it is 

ready for use as a sensor device. 
The spatiotemporal RI (Fig. 4 upper panel) was measured with a simple small surface plasmon resonance (SPR) 

instrument (Fig. 2) that could measure the RI of the 4.8 mm streamwise length of the microfluidic device with 10-μm 

resolution. The lower panel in Fig. 4 shows the result of the milk (containing antigen) sample injection. Although the 

RI map of the milk sample showed RI noise, the algorithm in Fig. 3 can utilize these effectively to calculate velocity. 

The present method is simpler than other methods (PIV, XRD, NMR) [2]. Therefore, this velocimetry will also 

accelerate the realization of POCT and rapid biological tests in the food industry. 

 

Figure 3.  Principle of refractive index boundary detection using 2D Fourier 
Transform. The slope of RI represents the flow velocity. Any RI boundary pattern 
showing the same slope in the RI map is converted to a line crossing the origin by the 
transform. This transform was performed piecewise. 

 

Figure 2.Pattern of microfluidic circuit, and optical setup of spatiotemporal RI measuring SPR 
instrument. 

1892



Because the Péclet number (hydrodynamic/diffusional length ratio) is small (~100) under our and other 

immunoassay conditions, the flow velocity is strongly influenced by diffusion [2]. Therefore, the RI boundary became 

unclear as the flow moved downstream, and this hampered the applicability of this velocimetry approach. The two new 

techniques introduced here improved the velocity measurement accuracy and measurement versatility.  
Using the new algorithm, we could confirm the injection of the correct sample and detect a stacked flow. Moreover, 

we could also use the hydrodynamic properties of the sample in addition to its molecular biological properties to assess 

the safety of a food sample. We could verify and validate the test result from the sensor, whose malfunctioning could 

lead to mistakes in the subsequent diagnosis and treatment. Therefore, a validation mechanism is necessary for an end 

user operating a sensor system. These applications also require the end user to apply samples directly to the sensing 

devices without pretreatment of samples. Therefore, the physical properties of sample liquids varied in viscosity and 

unexpected contaminants including mistakenly collected samples and cloggy samples. Flow condition monitoring will 

also solve these problems.  
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Figure 4. Flow velocity measurement of a milk sample with a capillary force driven 
microfluidic device. In the RI map (x is time, y is streamwise position, z is the time 
differential of the RI shown in color) many RI boundary lines and segments were observed 
because of the complex milk constituents. These were not observed when there was a flow of 
blocking buffer. The flow velocity could be calculated at any position after injecting the milk 
sample by using the algorithm in Fig. 3. 
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CONCEPT 

DTV is a digital image processing algorithm which tracks droplet size, trajectory, velocity, deformation, and 

many other parameters through frame-by-frame video analysis.  DTV does not require tracer particles or a 

traditional PIV setup; instead, it exploits the dark boundary surrounding the droplet which occurs naturally due to 

surface curvature and the difference in refractive index between the two phases.  It also utilizes a background 

subtraction scheme to improve its accuracy.  The use of image processing on static images has been shown, for 

example, in [1], which used a Hough transform to identify circular droplets.  DTV, by contrast, can identify and 

track droplets over multiple frames, and the algorithm can also be applied to non-spherical drops (ie plugs).  

Fig. 1 illustrates the DTV processing steps applied to a video of a Fluigent drop generator.  They include:  (1) 

Background frame generation.  The ideal background frame is simply an image of an empty channel.  If such an 

image is not available, a background frame can be auto-generated by averaging several frames, or similar statistical 

combinations.  (2) Background subtraction and image inversion. Subtracting the sample image from the 

background creates a grayscale image with a white boundary around droplets.  (3) Edge Detection.  The grayscale 

image is converted to binary using a threshold or edge detection filter.  (4) Small object removal.  Contiguous 

objects with area smaller than a user-defined threshold are removed.  This is helpful for filtering noise or erroneous 

objects.  (5) Morphological fill.  The droplet boundaries are closed, forming well-defined, filled regions often 

referred to as ‘blobs’ in machine vision.  (6) Shape Discrimination. Regions not meeting a user-defined circle 

metric are removed, and the remaining are recorded as droplets.  (7) Frame correlation.  The algorithm attempts 

to link each droplet to a match in prior frames based on user-defined criteria.  DTV repeats the above steps for each 

movie frame, tabulating a database of droplets.  For each droplet at each timepoint, DTV records 18 parameters, 

including (1) droplet ID (an identifier for each unique droplet), (2) frame number, (3) time, (4) x coordinate, (5) y 

coordinate, (6) x velocity, (7) y velocity, (8) total velocity, (9) area, (10) major axis length, (11) minor axis length, 

(12) equivalent diameter, (13) orientation, (14) shape eccentricity, (15) circle metric, (16) mean pixel intensity, (17) 

maximum pixel intensity, and (18) minimum pixel intensity.  The database can be used to report on individual 

droplets, or for statistical analysis of droplet populations.  The software overlays the boundary and velocity vector 

of each droplet for illustrative purposes, and provides plots and data export for quantitative analysis. 

  

 

Fig. 2: Examples illustrating the capabilities of DTV. (A-B) Measuring the length of non-circular plugs (C-D) 

Quantifying droplet mixing by tracking pixel intensities in each droplet. (E-F) Measuring size distributions in a drop 

merging device. (G-I) Quantifying the elongation and increased velocity of a drop at a channel narrowing.    

 

RESULTS 

To demonstrate its utility, DTV is applied to a wide variety of case studies reported in both academia and industry.  

By tuning parameters in the image processing steps, DTV can be applied to a variety of videos without modifying 

them.  Typical results for the Fluigent drop generator are shown in Fig. 1I-L.  The drop generation frequency can 

be extracted by taking the slope of the graph showing droplet ID vs. time.  Size distributions are reported in 

histograms.  Interestingly, DTV can reveal subtle flow fluctuations which are difficult to measure experimentally.  

In this case, the velocity plot reveals periodic disturbances to the flow due to repeated drop breakoff upstream.  

Other case studies are shown in Figs. 2-3.  Fig. 2A demonstrates the ability of DTV to recognize non-circular 

plugs.  This example records variation in plug length over time.  Fig. 2C-D illustrates quantitative analysis of a 

drop mixing chip from Dolomite microfluidics.  The mixing of the blue and yellow dyes within drops can be 

measured by tracking the mean pixel intensity in each drop as a function of channel position.  If used with 

monochrome fluorescent images, this technique can be useful for cell and enzyme assays in droplets.  Fig. 2E-F 
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illustrates the velocity and size analysis of droplets in a pillar-induced drop merging chip [7].  Here, DTV is used to 

track the plug areas over 231 frames.  After two adjacent droplets merge in the pillar structure, the merged droplet 

is identified as a new entity.  A histogram shows two primary distributions representing the plugs before and after 

the mixing junction.  A third population in an intermediate size range can also be seen.  This video also 

demonstrates the ability of DTV to track motion through curved channels.   

In Fig. 3, DTV is used to analyze droplet trajectories and changes in shape during tensiophoresis, the migration 

of droplets in an interfacial tension gradient [3-4].  Tensiophoresis utilizes microgradients in surfactant 

concentration to sort droplets without chemical labels or on chip actuators.  As droplets travel from the low to the 

high surfactant stream due to capillary migration, the non-uniform capillary pressure across the droplet causes it to 

deform.  DTV can be used to quantify both velocity and deformation during drop migration.  (The DTV software 

was originally developed for analyzing tensiophoretic migrations).  Since the migration velocity scales inversely 

with protein concentration [4], DTV can help provide an indirect measure of protein concentration in a droplet.  

Fig. 4 demonstrates the scalability of DTV.  Here, the algorithm is used to track the movement of >200 droplets 

in a meandering channel [8].  The heat maps show the horizontal and vertical velocities of the droplets over 30 

frames and >5000 measurements.  In large scale analysis, resolution and video quality are of critical importance.  

Each droplet should span a sufficiently large number of pixels in order for the software to accurately identify it and 

quantify its properties.  Extrapolating the results from this low resolution video suggests that with high definition 

(HD) video, DTV will be able to detect 100’s of drops (and potentially >1000 drops) per frame. 

 

 
Fig. 3: DTV used to quantify drop migration velocities and deformation during tensiophoresis [3-4]. 

 

Fig. 4: High-throughput plug velocity analysis.  (A) Original movie [8], with >200 plugs in a meandering channel. 

DTV is used to measure plug velocity over 30 frames. (B-C) Heat map of the horizontal and vertical velocity.   

 

CONCLUSIONS 

In each of the above case studies, DTV gathers comprehensive information on droplet characteristics which are 

not easily measured using existing techniques.  When coupled with high speed and high resolution cameras, DTV 

can provide precise tracking measurements valuable to researchers in multiphase and digital microfluidics.  As with 

any image processing algorithm, DTV becomes more accurate with increasing video resolution; however, the 

tradeoff is the increased analysis time.  The current algorithm can attain 2-20 frames per second.  Real time 

analysis can potentially be achieved if performance can be improved with efficient compiled algorithms, or with the 

help of hardware accelerators such as graphic processing units (GPUs) or field programmable gate arrays (FPGA). 
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ABSTRACT 
    Molecular detection devices for early-diagnosis require high-sensitivity and reliability. However, different 
detection methods have limitations preventing them to achieve continuous, real-time detection with standardized 
results especially when working in liquid environment. Here, we have demonstrated continuous, real-time 
monitoring of microtubule (MT) capturing in liquid by integrating silicon nanotweezers (SNTs) with microfluidics. 
These results pave the way to molecular detection by outputting electrical signals as a reliable indicator to 
standardize the detection.  
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INTRODUCTION 

There have been numerous successful attempts to build functional-molecule-based microfluidic devices. 
However, issues on robustness, standardization and reliability of the detection mechanism are not cleared. 
Fluorescence imaging damages molecules preventing from real-time long-period monitoring while immunoassays 
suffers standardization problem at low concentrations and electrical measurements have performance limitation in 
buffer environment.  

Molecular biomechanical detection with the integrated silicon nanotweezers (SNTs) is a promising approach as 
already demonstrated in air [1] and in liquid [2]. Yet, performing all steps of the experiment in liquid is still a great 
challenge, which requires very stable and reliable microfluidic integration. In-liquid experiments show lower 
sensitivity when compared to those in air. However, high sensitivity is crucial to detect biomarkers at very low 
concentrations for diagnostic purposes.  

Here, we proposed a method for easy-integration of SNTs with microfluidics while maximizing the sensitivity. A 
PDMS channel was placed on the edge of a cover slip, with a lateral opening for SNT tips to enter (Figure 1a). Due 
to the design, the area of the SNT tips exposed to liquid was minimized for achieving higher sensitivity. After 
capturing necessary molecules, input solution could be exchanged (with an integrated syringe pump) for detection. 
The result was monitored in real time and continuously as electrical signals (Figure 1b) showing the change in 
resonance frequency and quality factor (Q-factor).  

 
Figure 1. Schematic view of the developed system. a) SNT was inserted into the channel via the lateral opening 

of the syringe pump integrated PDMS device. b) The liquid inside the channel was changed with syringe pump. 
Changes in the resonance frequency and Q-factor monitor MT capturing. The device can then be used for monitoring 

molecular attachment on MTs  
  

EXPERIMENTAL 
Experiments were performed using two devices: SNTs and microfluidic device (Figure 2). The fabrication 

process and working principles of SNTs have already been reported [1]. The microfluidic device consisted of a 
PDMS slab placed on a cover slip. A 500-µm-wide channel was buried in the PDMS channel with a lateral opening 
for SNT entrance (Figure 2b). A syringe pump was connected to the outlet of the channel for exchanging the 
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solutions inside (Figure 2c). High flow rates (>10 µl/min) caused air bubbles to enter the channel while low flow 
rates (<0.1 µl/min) let the liquid to move out of the lateral opening. As a result of this, the liquid could move up to 
the SNT actuating arms caused a higher load on the arms and thus, lower sensitivity of the system. 1µl/min of flow 
was used in the experiments keeping the air-liquid interface constant while allowing the liquid exchange.  

The PDMS device was designed for SNT-tips to enter the channel without touching the walls. This was crucial 
because the arms of the SNTs were actuating at certain frequencies to monitor the resonance frequency and quality 
factor (Q-factor). The measurements were performed using capacitance changes in the on-chip differential capacitive 
sensor. A phase-lock-loop device was crucial to amplify the signal for high-sensitivity. Due to the electrical 
integration of the SNTs with the amplifier system and the fluidic integration of the PDMS device with the syringe 
pump (Figure 2), real time and continuous monitoring of resonance frequency and the Q-factor was successfully 
performed. 

Sharp, protruding SNT entered the channel at the very front side of the tips through the lateral opening of the 
PDMS slab (Figure 3a). Integrated syringe pump provided a flow (1µl/min) to keep the liquid interface constant and 
to allow liquid exchange throughout the experiment (Figure 3b). Low level of load and losses (due to liquid) 
provided higher sensitivity for the detection (Figure 3c). At first, 0.1% poly-L-lysine (a polycation that MTs can 
bind on) solution was injected. After 3 minutes for poly-L-lysine coating, water and buffer were injected 
respectively to wash away the unbound poly-L-lysine. Finally, 0.1mg/ml MT solution was injected in the channel. 
After 8 minutes, unbound MTs were washed away with buffer solution. 

 

 
Figure 2. Setup of the system: a) Top view of the SNT, b) Tips of SNTs were inserted into the microfluidic 

channel via lateral opening. c) SNT was connected to the electrical setup (including amplifiers and a function 
generator) while the microfluidic device was integrated with the syringe pump. (b) is the enlarged view of the 

white-dashed line in (c). 
 

 
Figure 3. Microscope image showing a) SNT tips inserted in the lateral opening b) the liquid-air interface at the 

lateral opening and c) the very front of the SNT tips inside the liquid. Scale bars correspond to 30 µm. 
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RESULTS AND DISCUSSION 
In air measurements of the SNTs was very stable and robust. The SNTs used in the experiments had a resonance 

frequency of 1862 Hz with a Q-factor of 84 (Figure 4). Inserting the tips into the liquid changed the characteristics of 
the SNTs due to the load applied by the liquid. A 5 Hz-increase was detected in the resonance frequency (reaching 
1867 Hz) and a 7 au-decrease was detected in the Q-factor (reaching 77 au). Changing the liquid to BRB80 did not 
affect the resonance frequency (or the Q-factor) showing an excellent stability within 0.1 Hz range. As this was the 
first demonstration of the proposed system, we used very high concentration of MTs (0.1 mg/ml) to demonstrate the 
success of the detection process. As a result, quite high increase was detected in the resonance frequency. After the 
MT capturing, the detected resonance frequency increased up to ~1892 Hz (an increase of 25 Hz, black line in 
Figure 5). The captured MTs act as an additional spring constant to the SNTs system. Therefore, higher number of 
captured MTs results in higher shift in the resonance frequency. Considering that the system can easily detect 
sub-Hz levels of change in the resonance frequency, much lower number of MTs can be captured while monitoring 
in real time. The captured MTs, on the other hand, increase the losses in the system. These losses result in a decrease 
in the Q-factor. The results (red line in Figure 5) show a 30 au decrease in the Q-factor. Both of the changes in the 
resonance frequency and the Q-factor were successfully monitored as continuous, real-time capturing of MTs 
(Figure 5).  
 

 
Figure 4. In-air characterization of SNT. 

The resonance frequency was measured as 1862 
Hz and the Q-factor was 84. 

 

 
Figure 5. Real-time monitoring of the MT capturing. 

After buffer flow, high concentration of MT solution was 
injected resulted in a significant increase in resonance 

frequency (stiffening) and a decrease in Q-factor (more 
losses), Both effects attest of the capture of MT between the 

SNT tips. 
CONCLUSION 

We have successfully integrated SNTs with microfluidics to monitor real time and continuous molecular 
detection. Minimizing the area of the SNT tips exposed to liquid provided high sensitivity. Obtained system could 
easily detect sub-Hz levels of changes. For demonstration purposes, a big bundle of MTs were captured and the real 
time capturing process was monitored continuously.  

Capturing MTs is a critical step to use the proposed system for several diagnostic methods because MTs are 
directly related with neurodegenerative diseases. Several biochemical disease markers, e.g. tau, can be detected with 
MT-based systems [3]. The proposed detection system can be used to monitor the existence of tau based on the 
increasing stiffness due to attachment to MTs [4]. Consequently, the proposed method has supreme potential to use 
as a diagnostic or drug-discovery method for several neurodegenerative diseases.  
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ABSTRACT 

Fabrication of optical elements from inexpensive polymer materials using mass-production tools is a current 
challenge. In this paper, thiol-ene based polymer waveguides and their integration into microfluidic systems are 
presented. Due to physical properties of thiol-ene materials the waveguides can be easily sealed with a microsystem, 
and connected with optical fibers. The presented thiol-ene waveguide microsystem was used for determination of 
4-methylumbelliferone showing good agreement with results obtained with the standard method using 
a spectrofluorimeter. 

 
KEYWORDS 
Thiol-ene, waveguide, optofluidics.  

 
INTRODUCTION 

 Integration of cost-effective and suitable for 
mass production optical elements with microfluidics 
are a prerequisite for the successful development of 
various lab-on-a-chip systems and their 
commercialization [1].  

Conventional optical fibers and waveguides are 
attractive due to their ability for guiding and 
focusing of light to measurement points, and 
efficient coupling to commercial light sources and 
detectors, thereby increasing the design flexibility 
[2]. However, many of the materials used for 
fabrication of optical waveguides (SU-8, PMMA, PC, 
COCs) exhibit a good transparency only in the 
visible range, or are costly and more challenging to 
work with (SU-8, glass) [3]. The efficiency and 
economy of the design and fabrication of optical 
waveguides can be considerably enhanced if ways to 
prepare optical elements from new types of materials 
are explored. 

In this paper, we present thiol-ene polymers as 
promising materials for optofluidic applications. The 
thiol-ene reaction mechanism affords delayed 
gelation, low shrinkage, high conversion, and 
uniform crosslink densities resulting in the ability to 
obtain polymers with unique physical and 
mechanical properties. Moreover, thiol-ene polymers 
show good adhesion to other materials, good 
chemical resistance to organic solvents, and have 
high refractive index [4]. So far, thiol-ene-based 
polymers have been used in a number of ways to 
fabricate microstructures, and obtain various 
functional elements such as lenses, photonic crystals 
or dielectric layers [5]. Here, we extend this list by 
using thiol-ene-based polymers as integrated planar 
waveguides. 

 
EXPERIMENTAL & RESULTS 

1 mm wide and 500 µm high thiol-ene waveguides were fabricated using a PDMS mould. A stoichiometric 
mixture of “thiol” (pentaerythritoltetrakis(3-mercaptopropionate)) and “ene” (1,3,5-triallyl-1,3,5-triazine- 
2,4,6(1H,3H,5H)-trione) was poured into the mould, and cured by UV exposure for 4 min. Next, the waveguides 
were manually inserted into the guiding microchannels of a simple PMMA system (Figs. 1 and 2). After thermal 
bonding of a lid (85ºC), the system was perfectly sealed and no leakage through the waveguide guiding channels was 

observed even for flow rates of 100 µL/min. 

Figure 1. Schematic view of the PMMA 
microsystem with thiol-ene waveguides. 
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The waveguides of the microsystem could easily be connected to an external light source via optical fibers 

inserted into integrated coupling structures. 90-degree waveguide bends utilizing air as side-cladding enables 
a significantly improved transmission of the excitation light, while maintaining a small footprint of the device. 

 

  
Figure 2. Photograph of the microsystem. 

 
The thiol-ene waveguide microsystem connected to a LED and a PMT was validated by measurements of 

fluorescence from a deprotonated form of 4-methylumbelliferone (λex=365 nm, λem=445 nm), which is commonly 
used for kinetic investigation of enzyme activity. The detection limit using the presented setup is quite low 
(LOD=650 nM) (Fig. 3), and, comparing with the LOD of the standard method using a very sensitive 
spectrofluorimeter and a 1cm x 1cm quartz cuvette (10 nM), demonstrates the potential of thiol-ene-based waveguides 
as promising optical components. They are attractive due to their easy manipulation, fabrication, sealing within 
a microdevice, simple connection with optical fibers, and the further possibility of tuning different properties such as 
stiffness (reduced if the thiol component is used in excess) or a broader wavelength range using appropriate thiols and 
enes (Fig. 4). 

 

 
Figure 3. Calibration curve of a deprotonated form of 4-methylumbelliferone using the presented PMMA 

system with thiol-ene waveguides (LOD=650 nM). 
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Figure 4. Optical transmission spectra of 5 mm thick blocks prepared from a stoichiometric mixture of 
pentaerythritoltetrakis(3-mercaptopropion ate) with: trimethylolpropane diallyl ether (green curve) 

and 1,3,5-triallyl-1,3,5- triazine-2,4,6 (1H,3H,5H)-trione ( red curve). 
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ABSTRACT 
This paper reports a nano-optofluidic device with evanescent wave sensing for single molecule detection and sorting 

based on hydrodynamic focusing and total internal reflection (TIR). Nano-sized samples in a liquid can be detected 
although their size is smaller than the diffraction limit. We have demonstrated a successful imaging of 200-nm 
nanoparticles. In this nano-optofluidic TIR system, all samples focused in the liquids can be measured and counted rather 
than that detected only on the solid-liquid interface in conventional TIR microscope. It has wide range applications in 
single molecule detection, imaging and counting in near future.  

KEYWORDS  
Nanoparticles, evanescent wave, nano-optofluidics 
 

INTRODUCTION 
Single molecule/nanoparticle detection and 

sorting by optical means have great potential in 
biological and chemical sciences . Different from 
bulk collection of molecules, in which only 
average characteristic can be measured, single 
molecule detection technology is still a big 
challenge in conventional optics methods [1-3]. 

A total internal reflection (TIR) microscopy 
is based on the principle of the evanescent field 
illumination. Evanescent field is created by total 
internal reflection between two media with 
different refractive indices, such as glass and 
water. TIR microscopy has higher sensitive and 
signal-to-noise ratio as compared to conventional 
microscopy, making it one of the hottest 
technologies for single molecule detection.  
Although TIR microscopy has novel advantages 
for single molecule/nanoparticle detection and 
sorting, there still exists several problems that 
need improvement. First, the penetration depth is usually less than 200 nm from the solid-liquid interface into the sample 
medium. Samples that are further away cannot be detected. Second, compared to pure microfluidic system, TIR system 
with solid-liquid interface is not a suitable platform for complex chemical and biological processing and analysis. When a 
liquid dynamic technology [4-5] can be combined with traditional TIR microscopy, a more suitable and sophisticated 
platform can be designed for single molecule/nanoparticle detection and sorting. 

Hydrodynamic focusing is a pure microfluidic technology by building up the walls of the tunnel from liquids by using 
the effects of fluid dynamics. For example, sample can be injected into the extreme central flow stream, which can be 
experimentally controlled down to 50 nm in width [6]. When the sheath and central flow streams sufficiently differ in 
term of velocity and density, the three flow stream do not mix and a stable flow is achieved.   

In this paper, we  reports a nano-optofluidic device, which employs evanescent wave sensing for single molecule 
detection and sorting based on hydrodynamic focusing and TIR. Nano-sized samples in liquid can be measured and 
counted with their size smaller than the diffraction limit. 200-nm nanoparticles are used to demonstrate the working 
principle of the system for single molecule detection and sorting.  

 
WORKING PRINCIPLE AND SIMULATION RESULTS 

 Figure 1 shows the schematic of the nano-optofluidic system. It consists of three flow streams in a 
microchannel, whereby the refractive index of the nano-core flow stream is lower than that of the two side 
sheath flow streams. Molecules/nanoparticles are injected and kept in the nano-core flow stream by the 
hydrodynamic focusing technology. An incident light with an incident angle larger than the critical angle is 
injected, such that TIR occurs at the interface between the cladding and core flow streams. Evanescent wave 
is propagated into the core flow stream. When the core flow stream is controlled with a width smaller than 
the penetration depth of the evanescent wave, all samples flowing in the core flow stream can be illuminated 
by the evanescent wave for detection and sorting. 

Figure 1:  Schematic illustration of the nano optofluidic device for 
single molecule detection and sorting. 
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  The penetration depth decreases when the incident angle increases, and consequently, the optical forces decrease. 
When the incident angle is 85o, the penetration depth is nearly 1 µm as shown in Fig. 2(a). As a result, the samples are 
ensured to be illuminated by the evanescent field combined with hydrodynamic focusing technology. This condition is  
difficult to be achieved in solid TIR system. Fig. 2(b) shows the analytical solution of the evanescent wave intensity of 
the evanescent field for both parallel and perpendicular polarizations as a function of the incident angle in the condition 
where the refractive index contrast is fixed at 0.006. It is clearly shown that when the incident angle is 85o, the effect of 
the polarization can be ignored. Fig. 2(c) shows the simulation result of the optical field in the microchannel, whereby the 
evanescent field has a strong local confinement. The intensity in the interface between the two liquid media can be 
enhanced by approximately 3.3-fold with a sharp decay to form a gradient field. Fig. 3(a) and (b) show the analytical 
solution of the optical forces and the accelerations caused by them. Fig. 3(c) shows the simulated optical force acting on 
the 5-nm QDs.  

EXPERIMENTAL RESULTS AND DISCUSSIONS 
Figure 4 shows the fluorescent micro-image of TIR at the liquid-liquid interface between the sheath flow and the core 

flow streams. The refractive index of the sheath flow is same as the one of PDMS to avoid scattering by the relatively 
rough solid-liquid interface (n1 = npdms = 1.410) while that of the core flow streams is n0 = 1.404.  The critical angle at the 
core-cladding interface is 84.7o, which is slightly smaller than incident angle of 85o. The low refractive index contrast 
between the core and sheath flow streams can  reduce smearing and keep a smooth liquid-liquid interface.  

Figure 5 shows the confocal image of the three flow streams, which revealS that the interface between the liquid-
liquid is steady especially in the vertical direction. Figure 6 shows the microcopy images of the micro/nano particles by 
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Figure 2: (a) Analytical solution of the penetration depth as a function of the incident angle. (b) Amplitude of the 
evanescent field for both parallel and perpendicular polarization. (c) Simulation result in microchannel.  
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Figure 4: The fluorescent micrograph of total reflection by the 
liquid/liquid interface. 
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the evanescent wave illumination in the nano-core flow stream from a Nd:YAG laser with a wavelength of 488 nm.  The 
samples diameters are ranging from 200 nm to 5 µm. All samples can be focused in the core flow streams by tuning the 
flow rate ratio between the core and sheath flow streams, and illuminated successfully by the evanescence wave 
propagating into the core flow stream. All the samples can be detected and measured in the central flow stream and not 
limited by the penetration depth of the evanescent wave, which ensures a more accurate analysis for biological and 
chemical sciences.   

CONCLUSIONS 
 In conclusion, a nano optofluidic device for single molecule sorting by using an evanescent wave based on the 

hydrodynamic focusing is demonstrated. Nano-sized samples (as small as 200 nm) are detected and sorted by the 
evanescent wave and the optical forces, respectively. It has wide range of applications in single molecule detection, 
sorting and counting in the near future. 
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Figure 6: Evanescent microcopy of the TIRF illumination of  Micro/nanoparticles in core flow streams from a Nd : YAG 
laser with the diameters: (a) G0500B, 5µm;(b) R0200B, 2µm;(c) F8813, 500 nm; (d) F8811, 200nm. 
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ABSTRACT 
A system integrating a trapped bubble with an optofluidic interferometer is introduced. This system allows rapid 

analysis of the oscillatory characteristics of the bubble when it is excited by an acoustic wave. Such a system shows 
promise in studying the physics of these oscillations specifically the effects of surface tension and viscosity.  

KEYWORDS 
Interferometer, Bubble, Acoustic, High Speed Camera, Optofluidics   

 
INTRODUCTION 

Bubbles, usually unwanted in fluid systems, have recently become of interest for creating microreactors and 
manipulating particles in microfluidics via acoustic oscillation of the air-liquid interface. [1] The characterization of these 
oscillations typically requires an expensive high speed camera coupled with a powerful microscope. [2] In addition, data 
from a high speed camera requires substantial post processing to extract information about the system. We introduce a 
simple low-cost optofluidic system capable of measuring the acoustic oscillation of a microbubbles trapped in a 
microfluidic channel without the use of a fast camera or a microscope. With a powerful system to quickly analyze bubble 
oscillations, many tests can be performed. This could open new possibilities for using bubbles to analyze fluid samples 
and measure properties such as viscosity, and surface tension.  

 
EXPERIMENT 

Previously, we utilized an optofluidic Mach-Zehnder interferometer to measure the properties of fluids [3] which was 
inspired by previous interferometers. [4-5] Here we use a similar architecture with the addition of a trapped microbubble, 
as shown schematically in Fig. 1a. A polydimethylsiloxane (PDMS) microfluidic device was fabricated via rapid 
prototyping, treated with atmospheric plasma and bonded to a glass slide. In addition, a typical, inexpensive piezoelectric 
transducer was bonded to the glass slide with epoxy. When the piezoelectric transducer is activated, the bubble interface 
oscillates, and this oscillation caused a perturbation in the geometry of the interferometer which alters the output intensity. 
This output intensity was recorded using a PMT. We use a high speed camera to capture images of the bubble oscillation 
(Fig. 1b).  

 

 
Figure 1: Schematic of the device (a). Frames of a video obtained using a fast camera, which recorded the oscillation 

of the bubble (b).   
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In Fig. 2, the results at 20 kHz from the interferometer and the high speed camera are compared. The raw data from 

the PMT is shown in gray and overlaid with a filtered signal in black. The interferometer data has some slight 
non-linearity at the high part of the signal. This was caused by the dependency of the interferometer ont eh shape of the 
bubble as well as the change in its position. A MATLAB program was written to analyze the high speed videos (Fig. 1b) 
and extract a plot of the interface passion over time. This analysis was repeated at several discrete frequencies, and the 
results are shown in Fig. 3. Based on our visual inspection, the data from the interferometer seems to match with that of 
the high speed camera. This indicates that the interferometer can provide information about the frequency response of the 
bubble which is comparable to that extracted from the fast camera videos. The step response on the system was analyzed 
by providing a puled electrical signal to the transducer, and the results are shown in Fig. 4. The transient response of the 
bubble oscillation is depicted here, as seen in the low amplitude at the beginning of the step and the exponential decay 
after the acoustic field is removed.  

 

 
Figure 2: Input signal to the acoustic transducer (top). The output of the interferometer (middle). The analysis of the 

fast camera video (bottom). 
 

 
Figure 3: The frequency response of the bubble recorded using the interferometer (a) and the fast camera (b). 

 

 
Figure 4: The step response of the bubble. The step input (a) produces an output (b) with an exponentially decaying 

oscillation. 
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One key advantage of this system is that the data files from the interferometer are relatively small in size and require 

little post processing when compared with videos from a fast camera. Thus, expensive high speed cameras, obnoxiously 

large video files and time consuming analysis and no longer necessary to characterize the oscillations of bubbles. This 

allows for rapid assessment of many experimental conditions. Such a system could be applied for a wide range of 

applications including fundamental studies on bubble oscillations, or applications in measuring viscosity or surface 

tension. In addition, if a phospholipid bylayer could be configured at the surface of the bubble, this system could be used 

to investigate properties of cell membranes under acoustic oscillation. 

 

CONCLUSION 

We have introduced a rapid method, using an optofludic interferometer, for extracting information about the 

oscillation of a bubble under exaction by acoustic waves. At this point, we are analyzing the physics of these results and 

developing the necessary optical and acoustomechanical theories necessary to understand these results. We suspect that 

the frequency response will be dependent on surface tension and the step response should depend on viscosity. This is a 

powerful platform capable of contributing to a number of important applications in the fluidic and biological field. 

Specifically, we hope to extend this work for measuring surface tension, viscosity, and studying acoustic oscillations of 

phospholipid bilayers. 
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ABSTRACT 
    We report a high throughput microfluidic fluorescence based flow cytometer with parallel sheath flow 

focusing in 32 channels using only 2 inlets. A detection throughput of 7000 beads/sec in each channel and 224,000 
beads/sec for 32 channels has been accomplished. This fluorescence flow cytometer is realized by utilizing 3D soft 
lithography microfabrication technique to achieve multilayer PDMS structures with vertical vias connecting fluid in 
different layers. An array of high N.A. microball lens is also embedded in the structure to achieve parallel and high 
sensitivity fluorescence detection across these 32 channels.  

 
KEYWORDS 
Microlens, flow cytometry, 3D microfluidics, FACS.  

 
INTRODUCTION

Fluorescence based flow cytometry is the gold standard for high throughput single cell analysis[1]. 
Commercial aerosol based flow cytometers require 3D sheath flow focusing to accurately position cells in the 
detection zone. It is difficult to parallelize this type of system for high throughput detection. Microfluidic based flow 
cytometers show the potential for parallelization since a large number of channels can be fabricated on the same chip. 
Using microlens array such as Fresnel lens array [2] or a high N.A. microball lens array [3], the trade-off between 
high sensitivity fluorescence detection and large area detection can be overcome. Another major challenge in parallel 
detection, however, is the difficulty of achieving parallel and uniform sheath flow focusing across many channels 
without facing the interconnect issues using 2D microfluidics circuits.  

Here, we report a high throughput fluorescence based flow cytometer by integrating a high N.A. 
microball lens array with 32 parallel sample channels and 64 sheath flow channels at two different layers connected 
by 64 through-layer vias. Only two inlets are required, one for introducing cell samples into all 32 sample channels 
and the other one for delivering fluid into the 64 sheath flow channels (Fig. 1).  

 

 
Figure 1.  Schematic of 3D microfluidic channels integrating with microball lens array for high throughput 
fluorescence flow cytometry. Parallel 2D sheath flow focusing of 32 channels uses only two inlets, one for sample 
introduction and the other one for sheath flows. 
 
EXPERIMENT 

A standard photolithography process is used to fabricate an array of PDMS-based linear microwells. 
Glass microspheres (doped with titanium and barium) with a refractive index of 2.1 and diameter of 75 ±2 μm (XL 
Sci-tech Inc., USA) were used for microlens fabrication. Dry glass microspheres were spread on the surface of 
PDMS microwell array and swept into the pre-patterned wells. The assembled array is then baked at 100 °C for 5 
minutes to dry the water trapped in wells and followed by pouring PDMS mixed with curing agent on it. This 
structure is then clamped by two planar solid poly(methyl methacrylate) (PMMA) surfaces and baked until all 
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PDMS is fully cured. A microball lens array fully embedded in PDMS is obtained after releasing the clamp. The 3D 
microfluidic channel device is fabricated following the thin film PDMS process developed by Zhang et al. [4]. A 
piece of PDMS (about 2mm thick) treated with trichloro (1H,1H,2H,2H-perfluorooctyl)silane is used as a stamp to 
peel off thin film PDMS a SU-8 mold. This thin film PDMS is then transferred to either a glass or a PDMS substrate 
whose surface is oxygen plasma treated. Because of the trichloro (1H,1H,2H,2H-perfluorooctyl)silane surface 
treatment that lowers the adhesion force between the thin film PDMS and the PDMS stamp, thin film PDMS can 
stay on the oxygen plasma treated surface that forms strong covalent bonding. By repeating the steps mentioned 
above, multilayer thin film PDMS with through layer vias can be stacked to form 3D microfluidic structure as shown 
in Figure 2.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Images of a fabricated 3D microfluidic device for parallel high throughput flow cytometry 
 

Figure 3 shows the optical system for large area and high sensitivity fluorescence detection using an 
embedded microball lens array. A light beam of 1W laser with wavelength at 445 nm is expanded and focused by a 
cylindrical lens on the microball lens array for fluorescence excitation. The emission light of detected samples are 
collected by the same ball lens array and projected onto a high speed CCD camera through a relay optics consisting 
of a pair of low N.A. convex lenses arranged in a telescope configuration to provide a 1:1 mapping between the ball 
lens and the camera.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Schematic of the optical setup for parallel fluorescence detection. A high power 1W laser with a 
wavelength at 455 nm is used for fluorescence excitation. The light beam is expanded and focused by a cylindrical 
lens on the microball lens array for parallel excitation. The emitted signals are collected through the same lens array 
and projected onto a high speed camera for detection.  

 
Figure 4 shows the focusing power of the embedded microball lens array. In this test, the microball lens 

is used only for focusing the excitation light. The fluorescence image is captured by a separate fluorescence 
microscope to check the size of the focused light spots. The full width half maximum (FWHM) spot size is 2.5 μm. 
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Figure 4. Test of the focusing power of embedded microball lenses. A 2.5 μm FWHM spot is obtained 
 
Figure 5 shows the normalized fluorescence signals of 10 　m fluorescent beads flowing across two of 

the 32 microfluidic detection channels. The highest throughput currently achieved is 7,000 beads/sec per channel and 
224,000 beads/sec per device. 

 

(a) (b)

 
 

Figure 5. Normalized dynamic fluorescence signals from beads passing through two of the detection channels. The 
highest detection speed of 7,000 bead/sec per channel has been achieved. The overall throughput of our system is 
224,000 beads/sec. 
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ABSTRACT 

Screen-printing (thick-film) technology is well identified as a reliable technique for fabrication of electrodes which can 
be used as transducer in biosensor with several advantages including low cost, design flexibility, good reproducibility and a 
wide choice of materials. Besides, the electrochemical impedance spectroscopy (EIS) recently has been chosen as a main 
detection method because it is labelless and less destructive to the activities of biomolecule. Therefore, this work 
demonstrates a new approach to develop a sensitive and label-free impedimetricimmunosensor based on screen-printed 
electrode for applications in prostate cancer diagnostics. The result shows that detection limit of this sensor for ACT-PSA 
antigen was determined to be 0.5 fg/mL with the sensor area of 2.64 mm2. 

 
KEYWORDS: Screen-printed electrode, label-free detection, electrochemical impedance spectroscopy, self-assembled 
monolayers, prostate cancer diagnostics, ACT-PSA detection. 
 
INTRODUCTION 

According to the 2011 report of the World Health Organization, there was about 10.1 million people with cancer 
around the world, in which the mortality of patients have up to 6.2 million. By the next 25 years, there will be 30 million 
people with cancer worldwide including 20 million deaths, in which the rate of cancer mortality is the highest 
concentration for developing countries. Furthermore, patients only go to hospitals in the late-stage, 70% of patients with 
cancer detected at the hospital had distant metastasis to multiple organs in the body. Meanwhile, the early detection of 
cancer can be treated and help prolong life. As recommended by the World Health Organization, 1/3 of people with 
cancer can be detected early, 1/3 can be prevented and 1/3 can be prolonged life. Therefore, research tasks in order to go 
to the fabrication technology prototype biosensor capable of early and accurate diagnosis of cancer is extremely 
necessary and urgent in the current period. Biosensor not only helps last the patient’s life but also has accurate prognosis 
in the successful treatment of the disease. 

Depend on the method of signal transduction, the biosensors could be divided into four basic groups including optical, 
mass, thermal and electrochemical sensors. Among these transducers, electrochemical transducers are potential sensing 
method thanks to their high sensitivity, able to miniaturization, 
and easy to integrate into circuit to perform automatic sensing. 
Furthermore, the biosensor employs inexpensive commercial 
screen-printed carbon ink electrode (namely DEP chip) as the 
basis which will allow for simple disposable and portable
instrumentation with low cost [1]. In the previous works of our 
group [2, 3], we described the development and characterization 
of label-free impedance immunosensor for !-hCG antigen 
detection using DEP chip as basis. The experimental results 
exposed that the designed impedimetric immunosensor is more 
sensitive than the other previously reported immunosensor, in 
the case of detection limit and linear range for antigen detection. 
On the other hand, the immobilization of antibody molecules is 
a decisive factor for successful fabrication of immunosensor. 
Therefore, in this work, we developed novel biosensor based on 
both nanostructure material and electrochemical transducer with 
the purpose to increase the sensitivity as well as reduce the size 
of the device. 
 
EXPERIMENTAL 

All reagents used were of the analytical grade or the highest 
commercially available purity and used as supplied without 
further purification. All solutions were prepared with deionized 
water of resistivity no less than 18 M".cm. The commercial 
disposable electrochemical printed (DEP) chip were obtained 
from BioDevice Technology Ltd., Japan. The chips were 
fabricated by screen-printing technology and designed as 
system with three electrodes containing carbon ink working, 

 
Figure1. The structure of DEP chip used within this 
work and SEM micrograph of carbon ink working 
electrode surface deposited by gold nanoparticles. 
 

 
Figure2. Schematic diagram represents the 
fabrication of impedimetric ACT-PSA immunosensor 
based on DEP chip. 
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carbon ink counter and Ag/AgCl ink reference electrodes. Surface area of the working electrode is 2.64 mm2. An Autolab 
PGSTAT 30 system was used to perform EIS measurements. 
The carbon ink electrode of DEP chip is modified first by deposition of gold nanoparticles (AuNPs) on working electrode 
using cyclic voltammetry method. The structure of DEP chip and morphology of carbon ink working electrode deposited 
by AuNPs are shown in figure 1. After that, polyclonal antibody (Pab) of prostate specific antigen (PSA) was 
immobilized onto AuNPs-modified electrodes via COOH group of self-assembled monolayer (SAM) of 
16-mercaptohexadecanoic acid (MHDA), which can serve as a linker for covalent biomolecular immobilization. The 
figure 2 shows the whole activation process. 
 
RESULTS AND DISCUSSION 

In electrochemical impedance sensor, the detection is based 
on the principle that any substance attached on its electrode will 
change the measured impedance. In this case, the binding of 
PSA antibody and antigen can be considered as a coating film 
which is expected to affect the impedance signal. The method 
was described more detail in the previous works of our group [2, 
3].  

Figure 3 shows the impedance responses for each step in the 
stepwise modification of electrodes. The results show that the 
conductance of carbon ink working electrode increased after the 
electrode was modified by AuNPs. This confirms that the 
AuNPs was successfully fabricated on carbon ink electrode via 
using cyclic voltammetry method. Additionally, a significant 
difference in the impedance spectra of Pab PSA 
immobilization-modified electrode as well as binding of 
ACT-PSA compared to AuNPs-modified electrode was 
observed. The RCT value of AuNPs-modified electrode is 
(1.21±0.06) k". However, after immobilizing Pab PSA on the electrode surface, the diameter of semicircle in impedance 
spectrum drastically increases with an increase in RCT value to (2.16±0.15) k". A remarkable increase in RCT value to 
(7.13±0.53) k" was observed in the step of ACT-PSA antigen binding. So Pab PSA was successfully immobilized onto 
AuNPs-modified carbon ink electrode surface via SAM layer.
   To investigate the interaction between ACT-PSA antibody and antigen, the Pab PSA antibody-AuNPs modified 
electrodes are exposed to various concentration of ACT-PSA antigen (from 0.1 pg/mL to 10 ng/mL). The corresponding 
Nyquistplots of impedance spectra are shown in figure 4A. The diameter of the Nyquist semicircle increases with 
increasing of ACT-PSA antigen concentration was observed. This could be due to the binding of more antigen molecules 
to immobilized PSA antibody in higher concentration of antigen. Therefore, the interfacial charge transfer was hindered 
significantly, resulting in a corresponding increase in the charge transfer resistance. The calibration curve obtained by 
plotting the relative RCT versus antigen concentration is illustrated in the figure 4B. Based on the linear range was 
attained from 0.1 pg/mL to 10 ng/mL with the linear equation of RCT (k") = 7.04 + 1.34*logC (pg/mL) (R2 = 0.998), the 
detection limit for ACT-PSA of the sensor was determined to be 0.5 fg/mL with the sensor area of 2.64 mm2. Sensitivity 
comparison of different techniques for PSA antigen detection is shown on Table 1. Obviously, our sensor has simple 
design and more sensitive than them in both cases of detection limit and linear range. 

 
Figure 3. The impedance changes during stepwise 
modification of the carbon ink working electrode. 

  
 
Figure 4. A) Impedance spectra of Pab PSA-AuNPs modified electrodes exposed to difference concentration of PSA-ACT 
antigen and B) the calibration curve, which using RCT as function of PSA-ACT concentration C. All data points are 
average values for responses of three electrodes. The error bars give a measure of the reproducibility of the system. 
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Table 1. Sensitivity comparison of different techniques for PSA detection. 

Detection 
method 

Detection 
limit (fg/mL)  

Description Ref. 

Electrochemical immunoassay 3000 Quantum dot (QD) functionalized graphene sheets 
(GS) were prepared and used as labels 

[6] 

Electrochemical transistor 
immunoassay 

1000 The polystyrene doped PEDOT based OECT with 
AuNPs used as labels 

[7] 

Nanowire sensor arrays 50 ÷ 100 Ab immobilized silicon nanowire field effect 
devices were used 

[8] 

Nanomechanical resonator  50 Harmonic oscillators used to measure the reduction 
in resonance frequency after antigen binding 

[9] 

AuNPs - based bio-barcode 0.09  AuNPs functionalized with hybridized 
oligonucleotide barcodes were used 

[10] 

 
 
CONCLUSION 

The work concerns successful implementation of a simple and specific approach for ACT-PSA antibody 
immobilization onto AuNPs-modified carbon electrode surface of DEP chip via COOH group of SAM, which can serve 
as a linker for covalent biomolecular immobilization. The results indicated that AuNPs film deposited on the carbon ink 
working electrode of DEP chip provide a highly active surface for the immobilization of PSA antibody molecules with 
maintained immunoactivity. In addition, the used inexpensive DEP chip with carbon ink working electrode as basis for 
the sensor will allow simple, disposable and portable instrumentation with low cost. Moreover, it was found that EIS is 
an impressive method and more simple than the other method for monitoring the interaction of antigen with antibody that 
occurred on the electrode surface.  
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ABSTRACT 

In this work we report on a multichannel biofilm monitoring platform that can monitor the growth and activity of 
a biofilm. This was possible by combining an electrochemical impedance spectroscopy (EIS) biosensor with a fuel 
cell activity sensor. We have previously shown an electrochemical sensor platform which was able to measure 
biofilm growth. This paper describes an improved system which can also monitor the biofilm activity. This 
additional information will enable the discrimination of dead from living biomass. 
 
KEYWORDS 

Impedimetric biosensor, Biofilm growth, Microbial fuel cell, Electrochemical impedance spectroscopy, 
Microfluidics 

 
INTRODUCTION 

The standard method for characterizing biofilms is optical microscopy, which is a cheap and simple but 
disruptive and offline technique. Alternative analytical methods include gravimetric sensor systems such as quartz 
crystal microbalances or surface acoustic waves, surface plasmon resonance sensors as well as electrochemical 
methods.[1] Among the latter, electrical impedance spectroscopy (EIS) has gained increasing interest recently [2].  

 
EIS is a non-disruptive online technique which is easily scalable to mulit-channel sensor systems. It evaluates the 

resistance and reactance of a surface by means of applying a small-amplitude AC signal with variable frequency 
through a pair of electrodes while measuring the resulting current (Figure 1a). The results can be represented as a 
Nyquist diagram (Figure 1b) in which the real and imaginary parts (i.e., resistance and reactance) of the complex 
impedance are plotted as a function of frequency. The presence of a biofilm on top of the electrode will hinder the 
charge transfer between the electrodes, thus increasing the measured impedance. This change in the surface 
impedance will result in a curve shift in the Nyquist diagram which can be correlated to the growth of a biofilm on 
top of the electrodes. 

 

 
Figure 1 - a) Principal setup of EIS in biofilm detection – to a pair of electrodes a small AC voltage is applied 

and the current between the electrodes is measured. b) The impedance is usually displayed in the complex plane in 
form of a Nyquist diagram (displaying real and imaginary parts of the complex resistance). 

 
EXPERIMENT 

Our system consists of a polymer microfluidic flow cell with two channels (reference and measurement), planar 
gold electrodes sputtered on a cyclic olefin copolymer (COC) substrate, MFC activity sensor and custom made 
electronics. The MFC sensors are composed of a carbon rod in a closed reservoir which contains electrolyte solution 
and is fluidically separated from the channel through a proton exchange membrane (Figure 2). 
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Figure 2 - View of the flow cell setup. a) Schematic view of flow cell, MFC activity sensors on the top, flow cell 
in the middle and planar electrodes at the bottom. b) Picture of the measurement cell. c) EIS planar electrode. 
 
The MFC-based sensors were initially tested and characterized in a yeast microreactor. When the yeast catabolic 

cycle is activated by sugar water free electrons are generated and form a current which can be measured by the MFC 
activity electrode. As seen in Figure 3 the shaded areas represent the injection of yeast with sugar water whilst in the 
other intervals only sugar water was probed. The shaded intervals show a clear current increase. 

 

 
Figure 3 - Microbial fuel cell (MFC) activity sensor test in a yeast and sugar water microreactor. Gray shaded 

intervals mark the injection of yeast and sugar water. During other intervals only sugar water was probed across the 
sensor. The switching of the pump is responsible for the presence of peaks in the diagram. 

 
RESULTS AND DISCUSSION 

This setup was used to monitor the growth and metabolic activity of Pseudomonas aeruginosa and 
Staphylococcus aureus during 50 hour periods. This experiment was divided into two parts; the injection and the 
growth phase which took 3 and 47 hours, respectively. During the first part the bacterial suspension was probed 
across the measurement channel whilst the reference channel was probed with feeding medium (brain heart infusion 
broth). In the next stage both channels were probed with feeding medium. Drift effects (mainly due to ambient 
temperature changes) were compensated by subtracting the results of the measurement from the reference channel. 
The impedance increased over time because of biofilm formation on top of the measurement electrodes (Figure 4). 
Biofilm activity (Figure 5) also followed that trend as the number of bacteria increased. After the experiment the 
biofilm was stained and analyzed by means of fluorescence microscopy (Figure 4, inlay) confirming the presence 
and absence of the biofilm on the measurement and the reference electrodes, respectively. 
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Figure 4 - Differential impedance measurement. During the first 3 hours of the experiment the measurement 

electrode was probed with Staphylococcus aureus, followed by feeding medium. Reference electrode only came in 
contact with feeding medium. After 48 hours the results tend to be affected by air bubbles. The inlay pictures show 

the live-dead staining of these electrodes. a) Measurement electrode b) Reference electrode. 
 

 
Figure 5 - Differential current measurement over 48 hours of the MFC electrodes. An increase in the signal can 

be observed which correlates to the increase in measured impedance. 
 
CONCLUSION AND OUTLOOK 

We presented a biosensor that combines EIS based sensors with a MFC activity measurement system, thus 
enabling the monitoring of the biofilm formation as well as its activity. Pseudomonas aeruginosa and 
Staphylococcus aureus were successfully monitored for over 50 hours. Such a system can be used to provide 
decisive information on the effect of physical or chemical treatments of the desired biofilm, for instance enabling the 
discrimination of dead from living biomass. 
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ABSTRACT 
This paper reports a lab-on-a-chip device having 256 individually addressable multi-detection points for high 

throughput single cell analysis. The chip is based on local redox-cycling and basically comprises 4 layers one on 
another. In order to fabricate individually addressable sensor points, two sets of microelectrode bands (row and 
column) were placed orthogonally to make 256 cross points where the sensor points are located. The chip device 
was then used to detect secreted proteins from single cells. First, the bottom surface of each detection point was 
modified with antibodies for the protein of interest and then single cells were captured in microwells at sensor points. 
The cells were incubated 4 h to secrete enough proteins to be immobilized. After which the cells were removed and 
the signal from the immobilized proteins were detected and amplified using redox cycling by setting the potential of 
electrodes to appropriate values. The results indicated that the secreted proteins were successfully detected using the 
chip device, which could be used for reporter gene assay and detection of some naturally secreted proteins. 

   
KEYWORDS 
Lab on a chip, Electrochemistry, Single Cell, Redox cycling, Secreted Alkaline Phosphatase, Biosensing.  

 
INTRODUCTION 
In the last decade, the focus of the micro-system research has shifted from electromechanical systems to 
bio-micromechanical systems and nanotechnology mostly because of the potential applications of micro-systems to 
biology, chemistry and medicine [1]. Using micro-technologies for biological applications has yielded many areas 
such as diagnostics, therapeutics, drug delivery and biosensing [2-4]. The incorporation of micro-system technology 
in biosensing devices provides many advantages like portability, low cost and rapidity due to small sensing area. 
Miniaturization also enables fabrication of multiple sensor points yielding high-throughput analysis. The most used 
method in biosensing devices is optical methods, which suffers from undesired fluctuation due to emission from 
non-target molecules. As an alternative to overcome such a problem, electrochemical methods that provide direct 
electrical signals have been introduced into biosensing devices. Electrochemical methods are more amenable to 
integration/miniaturization concepts compared to bulky optical detection setups, which makes them well suited for 
microdevices.  
In this study, a local redox cycling based electrochemical (LRC-EC) chip device was fabricated and used for the 
detection of proteins secreted by single cells. The chip has 256 individually sensor points with ring-disc 
(generator-collector) electrode at the bottom of each sensor point. A narrow gap between the two electrodes yields a 
better redox cycling, hereby increasing the efficiency and the sensitivity of the device. Here, the concept of our 
previous study was applied to a LRC-EC chip device for a wider and rapid analysis [5]. Basically, the bottom surface 
of the sensor points was modified with anti-SEAP for immobilization of secreted proteins. Afterward, the secreted 
alkaline phosphatase transfected HeLa cells were introduced into the microwells placed on each sensor points. The 
cells were incubated for 4 h to secrete enough secreted alkaline phosphatase (SEAP) to be captured at the bottom of 
each sensor points and then the cells were removed. Subsequently, the immobilized SEAPs were detected 
electrochemically using ring-disc electrodes in the absence of the cells. This concept basically enables separation of 
the secreted proteins and the cells, which eliminates endogenous ALP and protects the cells from any possible harm 
of the detection conditions (pH 9.5). The results showed that information from single cells can be successfully 
obtained in 90 s using the device.          
 
EXPERIMENT 

The concept used in fabrication of LRC-EC device enables incorporation of n2 individually addressable sensor 
points on a chip with 2n connection pads, and is particularly useful for fabrication of a chip having a large number of 
sensor points in a limited area [6]. In this study, the chip comprises 4 discrete layers. For the fabrication of the first 
layer, a Ti/Pt layer was sputtered on a piece of glass-slide. An insulator layer was used for the second layer to 
separate the row and column electrodes. The row electrodes were connected by means of sputtering of another Ti/Pt 
layer. In the final layer, all the electrodes were insulated along with fabrication of microwells at sensor points for the 
entrapment of single cell (Fig. 1). This fabrication approach allowed us to individually address each detection point 
on the chip. After fabrication of the chip, the signal based on varying p-aminophenol (PAP) concentration was 
acquired (Fig. 2). In addition, the collection efficiency and the amplification rate of the chip were determined as 64% 
and 3.1, respectively using 0.5 mM PAP solution. 

In the next step, the chip was prepared for single cell analysis. The bottom surface of each microwell was 
modified with anti-SEAP using 3-glycidoxypropyltrimethoxysilane (GPTMS) diluted in pure ethanol (1:100) after 
creating hydroxyl groups on the surface using oxygen plasma. The HeLa cells were transfected with pSEAP2-control 
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plasmid using Lipofectamine™ 2000 for constant secretion of SEAP. After 24 h incubation, the transformed cells 

were harvested and introduced into microwells on the sensor points. The cells were incubated 4 h at 37 
0
C in 

microwells filled with medium RPMI-1640 to secrete enough SEAP to be immobilized. Subsequently, the cells were 

removed and 4.7 mM p-aminophenol phosphate (PAPP) in Tris-HCl solution (pH 9.5) was introduced into 

microwells, which is converted into PAP by the immobilized SEAPs (Fig. 3A).  The ring-disk electrodes 

(generator/collector) were used as working electrodes for the scanning process to induce redox cycling, and the 

signal was acquired from the disk electrode as a reduction current. Additionally, an Ag/AgCl electrode and Pt wire 

were used as reference and counter electrodes, respectively. Redox cycling was induced by applying 0.25 V vs. 

Ag/AgCl through a row (generator) connector to oxidize PAP into p-quinoneimine (PQI) and -0.30 V vs. Ag/AgCl 

through column (collector) connector to reduce PQI back to PAP (Fig. 3B). The electrochemical response from all 

sensor points was acquired within 90 s. According to the results signal from multiple single cell can be successfully 

obtained using the LRC-EC device (Fig. 4).  

 

 
Figure 1. Optical images of the LRC-EC device 

 

 

 
Figure 2. The dependence of electrochemical signal on varying PAP concentration 

 

 

 1919



 
Figure 3. A schematic illustration of the electrochemical assay (A) and using the LRC-EC device (B). 

 

 

 
Figure 4.Optical and corresponding electrochemical images. A histogram of the results obtained from 

the electrochemical image. 
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DROPLET ANALYSIS SYSTEM USING LIQUID CHROMATOGRAPHY 
AND MASS SPECTROMETRY FOR ENZYME INHIBITION ASSAY 

Xiu-Li Wang, Ying Zhu, and Qun Fang* 
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ABSTRACT 

In this work, the combination of droplet array chip with LC/MS was firstly achieved, for providing a 
high-separation-resolution and high-information-content detection method for analysis of complex compositions in 
nanoliter droplets. A novel interface for capillary LC and droplet array chip with outstanding flexibility in accurate 
addressing of interesting droplets on demand was developed, with which multistep operations including enzyme 
inhibition reaction in nanoliter droplet, 4-nL sample injection, high-resolution separation with HPLC, and label-free 
detection with ESI-MS were successfully realized. The present system was further applied in the enzyme inhibition 
assay to demonstrate its potential feasibility in low-consumption drug screening. 

  
KEYWORDS 
Droplet-based microfluidics, LC/MS, enzyme inhibition assay. 

 
INTRODUCTION 

Droplet-based microfluidics is an attractive technique for performing miniaturized chemical and biological 
reactions ranging from picoliter to nanoliter volumes without dilution,[1] and has been successfully applied in 
enzyme inhibition assay [2], and protein crystallization [3]. Various analytical techniques for analyzing contents of 
droplets have been developed, most of which adopt fluorescence or absorbance technique [4]. These methods cannot 
analyze droplets with complex compositions. High-resolution separation techniques playing a prominent role in 
proteomics, genomics, metabolomics, and other biochemical fields are attractive analytical methods for droplets. In 
recent years, some high-resolution-separation methods have been developed to analyze contents of droplets, such as 
electrospray ionization mass spectrometry (ESI-MS) [5], and capillary electrophoresis (CE) [6]. Liquid 
chromatography/mass spectrometry (LC/MS) is by far the most widely used analysis technique in routine analysis. 
The use of microscale LC coupled with MS for droplet-based microfluidic analysis will significantly broaden the 
applications of droplet microfluidics. The coupling of microscale LC with droplet-based systems has been achieved. 
However, in most of these systems, droplets were used as a novel way to collect fractions from capillary LC [7, 
8],there is no report on using capillary LC to read the contents of droplets.  

In most of the droplet-based microfluidic systems, the droplets were usually manipulated in microchannels. Such 
a close mode is difficult to accurately address interesting droplets on demand and extract specific droplets for further 
analysis. In addition, the volumes of droplets in most of reported systems are in the nanoliter range or smaller, while 
the sample injection volumes in conventional LC systems are often in the range of several microliters. Therefore, it 
is a significant challenge to realize nanoliter sample injection of droplet into LC valve.   

In this work, we developed a semi-closed droplet array system for high-resolution separation and detection of 
complex components in droplets using LC/MS. A novel interface for capillary LC and droplet array chip with 
outstanding flexibility in accurate addressing of interesting droplets for different samples on demand was developed. 
Sample injection for LC was achieved benefiting from the direct droplet access and manipulation in the semi-closed 
droplet-array system under off-line mode. The present system was further applied in screening for inhibitors of CYP 
1A2.  

 
EXPERIMENT 

The schematic diagram of the setup of the droplet analysis system based on LC/MS is shown in Figure 1. It 
consisted of a microchip, two HPLC pumps, a sampling probe, a 4-nL injection valve, a syringe pump, a monolithic 
column, a MS emitter, and an ion trap mass spectrometer as detector. The sample loading was performed by 
immersing the sampling probe in the droplet filled in the well through mineral oil under the loading mode of the 
valve, and aspirating definite volumes of the sample solution into the 4-nL quantification loop of the valve by 
switching the syringe pump ON for a definite time. In the injection stage, the 4-nL introduced sample solution was 
injected into the LC monolithic column for separation, and detected by the MS detector. The sample changing was 
conducted by moving the microchip to switch the next sample well to the sampling probe to aspirate the new sample 
into the valve. 
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Figure 1. Schematic diagram of the setup of droplet analysis system based on LC/MS (not to scale). 
 
RESULTS AND DISCUSSION 

We evaluated the influences of sample loading volume and withdraw flow rate. Under optimized conditions, a 
sample loading volume of 100 nL was sufficient to perform the sample injection. Angiotensin I and angiotensin II 
were utilized as model samples to test the performance of the droplet analysis system. The results are shown in 
Figure 2. The repeatabilities of retention time and peak area for angiotensin I were 2.8% and 2.7% (RSD, n=4), and 
for angiotensin II were 1.5% and 7.5% (RSD, n=4), respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (A) Total ion current (TIC) chronogram from replicate sampling of angiotensin I and angiotensin II 
mixture. (B) Mass spectra obtained from the apex of the angiotensin II peak labeled ANG II. (C) Mass spectra 
obtained from the apex of the angiotensin I peak labeled ANG I. 
 

The present system was further used to perform the screening for CYP 1A2 inhibitors. Nine compounds were 
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tested, and the results are shown in Figure 3. α-Naphthoflavone shows strong inhibition on CYP 1A2, and others 
show no evident effects. These results agree with those obtained with previous-reported multiwell plate-based CYP 
1A2 inhibition screening systems.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Quantification of acetaminophen formed in each sample droplet. Compounds: α-naphthoflavone, negative 
control, sulfateme, quercetin, erythromycin, miconzole, cimetidime, chlorpheniramine, quinidine, reserpine. 
 
CONCLUSIONS 

We developed a droplet array-LC/MS system capable of performing high-separation-resolution and 
high-information-content detection for enzyme reaction system with complex compositions. A novel interface was 
proposed for coupling LC/MS with droplet chip based on off-line mode. The use of the semi-closed droplet array 
and off-line interfacing mode endows the present system an outstanding flexibility in droplet indexing, sampling, 
and LC/MS analysis on demand. The successful application in the screening for inhibitors of CYP 1A2 demonstrate 
its potential in high throughput screening with rare and expensive samples and reagents. 
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DOUBLE DROPLET AS A SENSOR FOR MOLECULAR TRANSPORT 
THROUGH ORGANIC LIQUID MEMBRANE  

Mao Fukuyama1 and Akihide Hibara1 
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ABSTRACT 

This paper reports a novel method for molecular transport thorough an organic liquid membrane by using 
water-in-oil-in-water (W/O/W) double droplets.  The double droplet encapsulating small inner droplets with 
detection reagents is dipped in analyte solution. The inner droplets change their fluorescence subject to outer analyte 
composition.  The membrane transports of several substances can be investigated simultaneously.  Here, in order 
to demonstrate feasibility of the novel method, we prepared double droplets encapsulating two kinds of inner 
droplets containing Cl selective reagent (MQAE) and an internal standard substance (Fluorescein) and observed 
their responses  CaCl2 solution.  
 
KEYWORDS 
Double droplet, liquid membrane 
 
INTRODUCTION 

Organic-liquid-membrane permeability of drugs is sometime used for evaluation of transdermal absorption. For 
instance, 1-octanol/water system is often used as a model for biological membranes because of the solubility 
parameter of 1-octanol is close to that of the biological membranes, such as humane skin [1].  By utilizing a 
microfluidic channel, molecular transport in a water-oil-water three-phase laminar flow was reported [2]. In that 
system, one aqueous phase (donor phase) contained analyte before contact, and its transportation to another aqueous 
phase (acceptor phase) through the organic phase was observed. Because of the short diffusion distance of the 
system, the investigation time was dramatically shortened.  In this paper, a novel method for molecular transport 
thorough an organic liquid membrane by using water-in-oil-in-water (W/O/W) double droplets is reported. 

 
CONCEPT 

Here, we propose a new method for investigating the membrane transport by using a W/O/W microdroplet 
(Figure 1). In the concept, the outer aqueous phase (Wo) and small inner aqueous droplets (Wi) work as the donor 
and acceptor phases, respectively. The molecular transport from Wo to Wi is investigated. The double droplets 
encapsulate several inner droplets with different functions. By applying multivariate analysis to fluorescence 
changes, simultaneous multi-component membrane transports can be investigated.  In order to demonstrate the 
concept, we prepared double droplets encapsulating two kinds of Wi droplets containing a detection reagent and an 
internal standard substance, respectively, and observed the performance.  

 
Figure 1.  Concept of a new investigation method for molecular transport through an organic liquid membrane 

by using W/O/W double droplets.  The double droplet encapsulating small inner droplets with several detection 
reagents is dipped in analyte solution, and, then,  fluorescent intensities change.  The transport of several 
substances can be investigated simultaneously. 
 
EXPERIMENT 

Figure 2 shows the preparation method for the double droplets.  Briefly, the Wi/O droplets were prepared in a 
glass microchip, and the Wi/O/Wo droplets were formed at the exit of the capillary tube dipped in Wo phase.  

The glass microdevice was fabricated by a two-step photolighographic wet etching method. In this device, the 
Wi/O droplets are formed at the T-junction between the deep main and shallow branch channels. The main channel 
has a 220 μm width and a 42 μm depth, and the branch channel has a 70 μm width and a 2 μm depth. By using the 
two T-junctions, two kinds of Wi/O droplets are formed; the droplets from the lower side contain 1 mM MQAE, a 
fluorescent dye quenched by Cl, and the droplets from the upper side contain 1 mM Fluorescein as an internal 
standard substance.  Bromoethane containing 1% w/w Span 80 was used as an organic continuous phase. 

A PEEK capillary tube having a glass capillary tip was used to form O/Wo droplet.  The hydrophilic glass 
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capillary was attached to the tip of the PEEK tube by epoxy resin in order to prevent the organic phase from wetting 

the tip of the tube. For Wo phase, 0.2 mM sodium dodecylsulfate (SDS) aqueous solution was used. 

 
Figure 2.  Setup for preparation of W/O/W double droplets.  Two kind of W/O droplet, which contained MQAE 

(Cl- ion selective dye) and Fluorescein (an internal standard substance), respectively, were prepared by two 

T-junction in a glass microchip. W/O/W droplets formed at the exit of the capillary tube. 

  
RESULTS AND DISCUSSIONS 

By flowing Wi and the organic phase at the rate of 0.5 μL/min and 4 μL/min, respectively, 600-μm-sized O/Wo 

droplets encapsulating 80-μm-sized Wi droplets were prepared (Figure 3).  

 
Figure 3.  Micrograph of W/O/W double droplets. 

 

Figure 4 shows fluorescent micrographs of the Wi/O/Wo droplets. In case of 0.1M CaCl2, the blue fluorescence of 

MQAE gradually weakened by Cl
- 

transport (Figure 4a).  Eventually, the color of the droplet became green 

originated from Fluorescein.  Contrastively, both the blue and green fluorescence kept their intensities without Cl
-
 

ion (Figure 4b).  The tendency is clearly seen in the time course of the ratio of MQAE blue fluorescence to the total 

fluorescence (Figure 5).  

 
Figure 4.  Fluorescence micrographs of prepared W/O/W droplet. (a) The outer aqueous phase contained 0.1M 

CaCl2.  (b) The outer aqueous phase without Cl
-
 ion. 
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Figure 5.  Time variation of the total fluorescent intensity of MQAE and Fluorescein.  

 

CONCLUSION 

We have successfully demonstrated feasibility of the new method for molecular transport measurement through 

the organic liquid membrane by using the double droplets. By applying multivariate analysis to the fluorescent 

changes, simultaneous multi-component membrane transports can be investigated. We expect that this method will 

be a powerful tool for rapid evaluation of drugs’ characteristics. 
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LONG-TERM DRY-STORAGE OF ENZYME-BASED REAGENT SYSTEM 
FOR ELISA IN POINT-OF-CARE DEVICE 

Sujatha Ramachandran*, Elain Fu, Barry Lutz, and Paul Yager 
 University of Washington, Seattle, WA, USA 

 
 
ABSTRACT 
     Lateral flow devices commonly used for many point-of-care (POC) applications in low resource settings lack the 
sensitivity needed for many analytes relevant in the diagnosis of diseases. This limitation mainly arises from the lack of 
signal amplification, which is commonly used in laboratory assays but uses temperature-sensitive reagents and inherently 
requires multiple assay steps not normally compatible with POC settings. Here, we describe a method for the long-term 
dry storage of ELISA reagents: horseradish peroxidase (HRP) conjugated antibody label and its substrate 
diaminobenzidine (DAB). Further, we incorporated these dry reagents into a two-dimensional paper network (2DPN) 
device and demonstrate an automated ELISA. 
 
KEYWORDS: dry reagent, horseradish peroxidase, signal amplification, diagnostics, ELISA 
 
INTRODUCTION 
     Point-of-care (POC) devices that are sensitive, reliable, low cost, rapid, easy-to-use and disposable could improve the 
ability to diagnose disease in low-resource settings. Lateral flow tests are simple wicking-based devices that often use 
colloidal gold for detection of proteins or antibodies, but they lack the sensitivity needed for the clinically relevant 
detection of many analytes. Enzyme-based signal amplification such as the one used in ELISA could greatly improve the 
limit of detection (LOD) if it could be used in POC devices. This poses two challenges: 1) demonstrating the on-board 
stability of the reagents, namely the enzyme horseradish peroxidase (HRP) conjugated antibody and its substrate, in 
anhydrous form, and 2) demonstrating the capability of the POC device to perform the sequential multistep processes 
needed for the enzyme-based signal amplification without user intervention.  

There have been only a few reports on the preservation of the enzyme HRP [1-5], and the incorporation of enzyme-
based assays in manually-operated lateral flow-like devices [6, 7], but the long-term stability of the enzyme conjugate 
and its substrate at elevated temperatures has not been reported. In addition, these assays have not been translated to an 
automated POC format. Herein we describe a method for the long-term elevated-temperature dry storage of reagents for 
signal amplification – antibodies conjugated to horseradish peroxidase (HRP) and the HRP substrate diaminobenzidine 
(DAB). Further, we demonstrate that these reagents can be incorporated into a two dimensional paper network (2DPN) 
device [8] that performs an automated ELISA for POC use. 
 
EXPERIMENTAL 
     A malarial assay secondary antibody (anti-PfHRP2) conjugated to HRP (HRP-antibody) was used for the study of 
long-term stability of the enzyme during dry storage. A 10 µl mixture of 0.01 M Fe2+-EDTA, 4 % trehalose and 0.1 % 
BSA containing 1 µg of HRP-antibody was added to glass fiber pads placed in polystyrene microtiter strips and dried in a 
vacuum centrifugal evaporator. The pads were vacuum-sealed, placed in a vapor barrier pouch and stored desiccated at 
22 °C or 45 °C. The HRP substrate DAB, prepared in water at a concentration of 2 mg/ml containing 4 % trehalose, was 
also dried in glass fiber pads and stored similarly to the HRP-antibody. The reagents in the pads were periodically 
rehydrated and tested for HRP-antibody and DAB functionality for over 5 months.  
     For testing the HRP stability, a colorimetric assay using the tetramethylbenzidine (TMB) substrate was used.  Kinetics 
of the TMB oxidation by HRP to a blue color product was measured at 650 nm every 15 seconds over a period of 5 
minutes. The initial rate of the reaction was calculated by taking the first 8 readings and percent activity calculated by 
comparing to the fresh HRP-antibody.The functionality of the rehydrated secondary HRP-antibody was also tested in a 
dipstick-style lateral flow immunoassay using nitrocelluose striped with PfHRP2 capture antibody. The assay was 
performed in sequential steps using a malaria biomarker (recombinant PfHRP2 antigen) at 50 ng/ml spiked into fetal 
bovine serum, HRP-antibody rehydrated to 10 µg/ml in PBST, and fresh DAB substrate at 0.125 mg/ml in PBST buffer 
containing sodium percarbonate (0.025 %) as the hydrogen peroxide source. The images were scanned and quantified 
using ImageJ. The assay signal was calculated as the background-subtracted intensity, and the percent activity retained 
after dry-storage of HRP-antibody was calculated from fresh HRP-antibody control. 
     The DAB substrate dry preservation was also tested by the dipstick malarial immunoassay as described above. The 
substrate samples were rehydrated to a concentration of 0.125 mg/ml in PBST containing hydrogen peroxide and fresh 
secondary HRP-antibody was used. The assay signal intensities for fresh and dry-preserved DAB were measured as 
above and percent activity was calculated.   
     A folding 2DPN device was used to demonstrate automated ELISA using dry reagents. The device is composed of a 
nitrocellulose three-inlet network cut using a CO2 laser cutting system and patterned with PfHRP2 antibody at the 
detection region. The nitrocellulose network along with a cellulose wicking pad was housed on one side of a foldable 
Mylar laminate card. Glass fiber pads containing dry- preserved HRP labeled secondary antibody, DAB and buffer were 
located on the other side of the foldable card. Malarial antigen spiked in fetal bovine serum, and PBST buffer containing 
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hydrogen peroxide was added to rehydrate the dry HRP-antibody and DAB respectively. The device was folded to 
simultaneously activate reagent flows through the nitrocellulose to the detection zone. The detection regions of the 
devices were scanned after 15 minutes.  
 
RESULTS AND DISCUSSION 
     Figure 1a shows the long-term stability of the enzyme HRP at 45 °C. The HRP-antibody dry-stored in the presence of 
Fe2+-EDTA and trehalose retained 80% of the activity of the fresh control as determined by colorimetry. In the presence 
of trehalose alone the enzyme retained only 20% activity. The activity of the HRP-antibody was also evaluated in a 
malarial assay by a dipstick sandwich immunoassay using DAB as the substrate. The signal is seen as a brown precipitate 
due to oxidation of DAB by HRP. The HRP-antibody activity was fully functional with signal intensity identical to the 
fresh HRP-antibody (Figure 1b). The DAB dry preservation was also tested in a dipstick immunoassay and is shown to 
retain > 90% activity after storage at 45 °C for 3 months (Figure 2).  
     Figure 3a shows a folding 2DPN device with integrated dry reagent pads that performs an automated ELISA for the 
malaria biomarker with a single user activation step. The antigen-antibody complex with the HRP label moved through 
the first inlet and across the detection zone followed by the DAB substrate from the second inlet, and finally a wash 
buffer from the third inlet. Figure 3b shows an example result from an automated ELISA card. The signal from the DAB 
precipitate can be easily visualized by eye at the detection zone. This method of on-card enzyme signal amplification can 
also be quantified using a webcam or a flat-bed scanner. Figure 3c shows images for an antigen dilution series for the 
automated ELISA cards with on-board dry reagents.  
 

 

 

 
Figure 1: Activity of HRP-labeled antibody after dry storage.  a) Chart showing the HRP enzyme activity retained after 
dry storage at 45 °C at different time points as determined by colorimetry. The HRP enzyme in the presence of 0.01 M 
Fe2+-EDTA and 4 % trehalose retained ~ 80% activity on dry storage at 45 °C after 5 months. In the presence of 
trehalose alone the enzyme retained only 20% activity b) Images of the dipstick immunoassay using dry-stored (4 
months) HRP -antibody and fresh DAB substrate in a malarial sandwich immunoassay.  
 

 

 

 

 

 

 

 

 

 

Figure 2: Activity of the HRP substrate DAB after dry storage. DAB substrate stored dry at 22 °C and 45 °C in the 
presence of 4% trehalose in a glass fiber pad was tested periodically for its functionality in a dip-stick malarial sandwich 
immunoassay using fresh secondary HRP-labeled antibody. The DAB substrate retained functionality upon rehydration 
at >90 % after 3 months of dry storage when compared to fresh DAB. 
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Figure 3: a) A folding 2DPN device with incorporated dry reagents for automated ELISA b) Folded device showing 
malarial sandwich immunoassay signal development. c) Images of the malarial antigen dose response in the 2DPN assay 
with dry reagents. 
 
CONCLUSION 
     We report a method for dry preservation of reagents used in ELISA. We have shown that HRP-antibody and its 
substrate DAB retained their activity on long-term elevated temperature dry storage and were fully functional in an 
immunoassay. Our method for drying down the reagents in a glass fiber pad has the benefit of easy incorporation into 
POC devices, including conventional microfluidic or paper-based devices. Further we have demonstrated an automated 
ELISA using a 2DPN device with dry reagents integrated into the device. The dry preservation of enzyme-based signal 
amplification reagents could be used for a variety of applications and have particular advantages for use in POC devices 
for enhanced sensitivity, portability, and ease-to-use for low resource settings.  
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INTEGRATED ASSAY WITH SAMPLE PROCESSING: PAPER-BASED 
DEVICE FOR IgM DETECTION 

 
Sujatha Ramachandran, Jacqueline Peltier, Jennifer Osborn, Carly Holstein, Barry Lutz, Elain Fu, and 

Paul Yager 
 University of Washington, Seattle WA, USA 

 
ABSTRACT 
     Point-of Care (POC) devices that can perform multi-step processes, are easy to use, and are inexpensive, are needed 
for use in limited-resource settings. We present an integrated paper-based device that performs an automated 
immunoassay for the detection of IgM antibodies with on-board sample processing. The device is a two-dimensional 
paper network (2DPN) consisting of protein-G coated nitrocellulose for flow-through removal of assay interfering IgG,  
integrated to a nitrocellulose membrane for lateral flow detection of IgM. The 2DPN is appropriate for POC settings with 
one user-activation step.  
 
KEYWORDS: sample processing, IgG removal, nitrocellulose, lateral flow, immunoassay, diagnostics, point-of-care 
 
INTRODUCTION 
     Lateral flow diagnostic devices based on immunoassays are available; they involve a simple step of mixing and 
detection of signal. However, applications that require upstream sample processing such as removal of blood cells and 
assay-interfering contaminants usually require performing benchtop processes involving multiple steps and 
centrifugation in a laboratory setting. These are not practical for point-of-care (POC) settings.   
     We are developing tools to automate sophisticated processes that can be incorporated into disposable devices for use 
at the POC. One such example is the IgM immunoassay. Elevated disease-specific IgM in blood is indicative of acute 
infection and thus is important in clinical diagnosis at early stages of several diseases. However, presence of disease-
specific IgG in a sample can interfere with the IgM assay, causing false negatives (Fig 1) that lead to missed 
opportunities to treat patients with active disease. To prevent this erroneous result in IgM immunoassays, IgG removal is 
necessary. The most common method for IgG depletion from a plasma sample is upstream capture by protein G, which 
has specific affinity for human IgG. 
     Previously, we reported on a conventional microfluidic platform consisting of an instrument and a microfluidic card 
that removed IgG using protein G-coated beads [1] before IgM detection [2]. This platform, though automated, requires 
pumps to transport fluids through the microfluidic channels. We have also recently developed a two-dimensional paper 
network (2DPN) format that enables automated multistep reagent delivery without the use of pumps and have 
demonstrated a signal amplified antigen assay [3].  Presented here, is a first demonstration of an automated IgM assay 
with integrated IgG removal in the 2DPN format, which can be used for POC serodiagnosis of infectious diseases. 
 
                                                                                                           
                                                                                                          

 
 
 
 
 
 
 
 
 
Figure 1: Schematics of the indirect IgM assay format and a potential interference mechanism in which disease specific 
IgG causes false negatives. IgG “mop-up” would alleviate this problem. Figure adapted from Dean Stevens. 
 
EXPERIMENTAL 
     The integrated 2DPN IgM assay device consists of an IgG “mop-up” unit made up of a stack of nitrocellulose 
membranes (450 nm pore size) cut into circles with two projecting arms using a CO2 laser cutting system. The 
membranes were incubated with 2 mg/ml protein G in citrate buffer (pH 5.0), washed and dried in a desiccator. Six of the 
protein G-coated membranes were stacked with the arms stuck on to a Mylar adhesive sheet to hold them together. The 
membrane stack was then placed directly in contact with a nitrocellulose assay membrane supported on a foldable Mylar 
laminate card with a cellulose wicking pad at the other end. A glass fiber conjugate pad for buffer supply was placed on 
the other side of the Mylar device. As a control, a BSA-coated membrane stack was similarly processed and assembled 
into a device.    
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     For studying the efficiency of IgG removal, 7 µl of Alexa 488 labeled IgG, at a level present in normal human blood 
(8 mg/ml), was added to the topmost membrane of the protein G/BSA-coated stack and incubated for 5 minutes. Buffer 
was added to the glass fiber pad, the adhesive layers of the Mylar card were exposed, and the card folded to activate the 
flow of the sample. Time-lapse images of the progression of the labeled IgG through the assay membrane to the wicking 
pad were recorded using a webcam. To quantify the output of fluorophore-labeled IgG, the wicking pads were removed 
from the card, soaked in buffer overnight, vortexed, and centrifuged to extract the label. The fluorescence signal was 
measured using a fluorimeter, and IgG depletion calculated and compared to the control.  
     As a proof-of-principle of integrated 2DPN IgM detection card with IgG depletion, a functional immunoassay was 
performed. Here, secondary anti-IgM and anti-IgG gold conjugates serving as labels for visible signal detection were 
dried in the presence of sugars in glass fiber pads and placed below the IgG removal stack in contact with the assay 
membrane. The assay membranes were striped with anti-IgM and anti-IgG for the capture of IgM and IgG respectively.  
Normal human plasma was added to the protein G/BSA-coated membranes as the sample. The assay was completed 
within 30 minutes and the gold signal was imaged using a flatbed scanner. 
 
RESULTS AND DISCUSSION 
     Figure 2 shows the components of an integrated 2DPN IgM assay card. The key features of this design are a) the use 
of a stack of 450 nm pore-size nitrocellulose membranes coated with protein G for IgG “mop-up”, b) integration of the 
IgG removal with IgM detection by overlaying the protein G-coated stack in direct contact with a lateral flow assay 
membrane and including glass fiber pad with dry secondary gold-labels, and c) housing of the paper networks and other 
components in a foldable Mylar and adhesive card. The small pore size of the membrane for IgG removal provides a high 
surface area for the high capacity binding of the protein G and subsequent efficient removal of IgG present in the blood 
(~ 8 mg/ml). We used at least six protein G-coated membranes in the stack to ensure effective IgG removal. The device 
requires the addition of sample and buffer at the appropriate locations and then a folding step. The sample flows 
vertically through the stack protein G stack allowing the binding of IgG to different layers and then laterally through the 
assay membrane to the detection zone for IgM detection. The advantage of a foldable card is that it can be easily closed 
for automated sample processing and immunoassay with one user-step activation. 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: a) Foldable 2DPN IgM assay card with a stack of six nitrocellulose membranes coated with protein G for IgG 
“mop-up” overlaying the assay membrane via secondary gold label pad (GP). The assay is operated by adding sample 
over the topmost layer of the stack and folding the card to bring the buffer pad in contact with the stack. b) Side-view of 
the layers.  
 
     Figure 3a shows time-lapse images of Alexa 488-labeled IgG flowing through the device containing protein G/BSA-
coated stack. The protein G-coated stack was successful in removing IgG, visualized as an intense signal at the region of 
the stack, whereas in the BSA-coated stack, the labeled IgG progressed through the device and was collected in the 
wicking pad. Figure 3b shows the images of individual membranes removed from the stack after a run. The different 
layers of the protein G stack show varying levels of bound IgG with decreasing intensity from top to the bottom of the 
stack. The BSA-coated membranes on the other hand did not significantly bind the labeled IgG. Using this device format 
we obtained ~95 % efficiency in IgG removal with the protein G stack as determined by fluorimetry. 
     Figure 4 shows an image of a functional immunoassay performed using the integrated device to demonstrate IgG 
removal and the IgM detection. IgG removal from human plasma by the protein G-coated stack was successful with the 
gold signal seen only for the IgM. As expected, the device with the control BSA-coated stack showed both the IgG and 
IgM signals. The total assay was completed in 30 minutes. Future work will integrate plasma separation, IgG removal, 
and the immunoassay into the 2DPN device for the serodiagnosis of diseases from a whole blood sample.  
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Figure 3: a) Time-lapse images of Alexa 488 labeled IgG flowing through the protein G-coated membrane stack in the 
2DPN assay card. A BSA-coated membrane stack was used as a control. Arrows indicate successful IgG removal by the 
protein G-coated stack, whereas in the control, IgG collects in the wicking pad. b) Individual membranes from the 
protein G and BSA-coated membrane stacks indicate labeled IgG levels in each case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Scanned images of a functional IgM assay membrane showing IgG depletion and IgM capture. Normal human 
plasma flowing through the protein G-coated membrane stack showed signal only for IgM, indicating successful IgG 
“mop-up” (right), whereas BSA-coated membrane stack used as a control, showed signals for both IgG and IgM (left). 
 
CONCLUSION 
     We have demonstrated an automated IgM assay with integrated IgG removal in a 2DPN device, which can be used for 
serodiagnosis of many infectious diseases. This device format, with one user activation step, can be used for removal of a 
variety of assay interferents, and is rapid, inexpensive, and appropriate for use in low-resource POC settings.  
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ABSTRACT 
   A new simple polymer microchannel with asymmetric hydrophilic surfaces over the channel inside with a 
patterned 10 mm hydrophobic patch, as an on-chip whole blood/plasma separator, has been designed, fabricated and 
characterized for the application toward point-of-care (POC) clinical diagnostics. The asymmetric hydrophilic 
surfaces in the polymer microchannel are fabricated using a spray layer-by-layer (LbL) nano assembly. Effective 
plasma separation from whole blood is achieved through the microchannel due to the asymmetric hydrophilic 
surfaces as well as the patterned hydrophobic patch. The blood cells are continuously accumulated within the 
hydrophobic patch over the time while the blood plasma is successfully separated from the whole blood throughout 
the microfilter made of blood cells column, so-called ‘self-organized blood cell microfilter’. The separated plasma 
was approximate 0.102 µL from a single drop of whole blood within 10 minutes.

KEYWORDS 
Asymmetric capillary force, Hydrophobic patch, On-chip whole blood/plasma separator, Point-of-care diagnostics, 
Spray layer-by-layer nano assembly  

1. INTRODUCTION 
Plasma or serum separated from human whole blood is 

most widely used in clinical analysis for disease diagnosis 
and health monitoring because blood contains critical 
information concerning the function of whole body. 
Separation of plasma from the whole blood is essential for 
the general blood analyses based on florescence 
immunoassays to minimize the noises from blood cells 
interfered with excitation optics.  

Centrifugation technique and membrane filtration are 
standard methods for the separation of blood plasma. These 
systems are bulky, expensive, time-consuming, and require a 
large amount of blood sample. Furthermore, they are unable 
to fit the on-chip approach, thus creating a large demand for 
the development of a new blood/plasma separator for the 
POC clinical diagnosis. Recently, various on-chip 
blood/plasma separators have been realized and reported 
[1-3]. Either an external mechanical pumping force or 
capillary force drives these devices. The externally driving 
separator is not suitable for on-chip applications. A strong 
capillary force for better separation is favorable for the 
on-chip approach.   

In this work, we propose a new simple on-chip whole 
blood/plasma separator by utilizing both the asymmetric 
capillary force and the patterned hydrophobic patch. The 
separator operates completely upon asymmetric capillary 
action without any external power resources and is able to 
efficiently separate nanoliter volumes of plasma from a 
single drop of whole blood, a suitable amount for the 
single-use application of POC clinical diagnostics.

2. DESIGN AND FABRICATION 
The basic principle for the blood plasma separator is 

based on the asymmetric capillary action and the patterned 
hydrophobic patch across the microchannel described in 
Figure 1. The plasma separated from the whole blood in the 
microchannel was moving faster due to the asymmetric capillary force developed between the nanoporous 
super-hydrophilic surface and the plain hydrophobic surface. However, the movement of the whole blood was 
effectively retarded in the microchannel because of the patterned hydrophobic patch, which has no asymmetric 

Plain hydrophobic COC surface 

Nanoporous super-hydrophilic COC 
surface by spray LbL nano-assembly

(a)

Separated blood 
plasma

Asymmetric 
capillary force

Blood cells

Hydrophobic patch

(b)

Nanoporous super-hydrophilic COC 
surface by spray LbL nano-assembly

Hydrophobic patch

(c)

Figure 1. Schematic diagram for the separation 
principle of whole blood/plasma separator: (a) 
cut view; (b) side view; and (c) top view.  
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capillary action in this region. Over the 
time, this caused continuous accumulation 
of the blood cells within the hydrophobic 
patch. The accumulated column of blood 
cells worked as a naturally organized 
microfilter, and blood plasma was 
successfully separated from the whole 
blood throughout this ‘self-organized 
blood cell microfilter’. The separated 
blood plasma was flowing across from the 
hydrophobic patch while moving towards 
the other super-hydrophilic region, where 
a strong asymmetric capillary force along 
the walls was also developed. This force 
allowed the blood plasma to be separated 
much faster than in the hydrophobic patch 
region where the flowing rate of blood 
cells was relatively slow.  

Figure 2 summarizes the fabrication 
process of the whole blood/plasma 
separator. An aluminum master mold was 
fabricated first using a micro-milling 
machine (Microlution 5100S) for the 
replica of cyclic olefin copolymer (COC) 
microchannel. To fabricate the separator, 
COC chip patterned with microfluidic 
channels were prepared by the hot 
embossing technique. The dimension of 
fabricated microchannel was 100 µm ×××× 100 µm ×××× 50 mm with a 10 mm hydrophobic patch as shown in Figure 2(c). 
Then, the spray LbL nano-assembly process with silica nanoparticles [4] was done for the asymmetric 
super-hydrophilic surfaces over the microchannel with 10 mm hydrophobic patch. Finally, two polymer substrates 
were bonded for a chip using thermal bonding technique.  
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Aluminum 
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Thermal bonding
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Figure 2. Summary of fabrication process of the whole blood/plasma 
separator: (a) fabrication methods; (b) spray LbL nano assembly; (c) 
device design; and (d) fabricated device. 
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Figure 3. Coating structures: (a) top wall coating only; (b) top wall coating with hydrophobic patch 
(10 mm); (c) side wall coatings only; and (d) separated plasma. 
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3. RESULTS AND DISCUSSION 
The radical drop in contact angles by the 

spray LbL nano assembly [4] indicates that the 
COC surface can be super-hydrophilic (contact 
angle below 5°) with silica nanoparticles because 
of the intrinsically high level of wettability of the 
silica nanoparticles which are coupled with the 
nanoporous nature of the multilayer surface. Five 
coatings of (PDDA/silica) bilayers were chosen 
as the optimum coatings of bilayers in order to 
obtain the maximum nanoporous capillary 
pumping effect in this process. 12 nm silica 
nanoparticles were chosen for the spray LbL nano 
assembly on the COC microchannels since the 
lowest contact angle with smallest standard 
deviation was obtained from the COC surface 
coated with that size [4].   

Figure 3 describes the achievable separations 
from the various structures with the asymmetric 
super-hydrophilic surfaces and hydrophobic patch. 
A single drop (~3.0 µL) of human whole blood 
was injected into the inlet of the separator. Since 
only the asymmetric capillary forces along the 
microchannel surfaces moved the whole blood, 
and those structures did not provide enough 
asymmetric capillary force required for the 
separation of blood plasma, only a fairly small 
amount of separations were obtained as shown in 
Figure 3(a) and (c). However, a relatively large 
amount of blood plasma separation was achieved 
by utilizing both the asymmetric capillary force 
and the patterned 10 mm hydrophobic patch as 
shown in Figure 3(b). This shows that the 
patterned hydrophobic patch is very desirable for 
achieving the plasma separation from whole 
blood as described in Figure 1. 

Figure 4(a) shows the separated plasma from the whole blood was increased over the time due to both the strong 
asymmetric capillary force and the patterned hydrophobic patch, and 0.102 µL of the separated plasma from a drop 
of whole drop was finally obtained as shown in Figure 4(b). The volume of the separated plasma between 300 and 
400 seconds in Figure 4(b) was slightly decreased over the time due to the accumulation of the blood cells over the 
hydrophobic patch with blood plasma during the separation.  

 
CONCLUSION 

A new asymmetric capillary force-based whole blood/plasma separator has been proposed, fabricated and fully 
characterized in this work. Asymmetric nanoporous super-hydrophilic surfaces and patterned hydrophobic patch 
were combined to attain an asymmetric capillary force through the microchannel for the separation of plasma from 
whole blood. The separator developed in this work has successfully separated plasma from whole blood. This 
separator with a simple micorchannel structure is very suitable for the applications of on-chip blood/plasma 
separator for POC clinical diagnostics. 

 
REFERENCES 
[1] S. Yang, A. Under, J.D. Zahn, A microfluidic device for continuous, real time blood plasma separation, Lab Chip, 

6, pp. 871-880, (2006).  
[2] M. Amasia, M. Madou, Large-volume centrifugal microfluidic device for blood plasma separation, Bioanalysis, 

2, pp.1701-1710, (2010).   
[3] J. S. Shim, C. H. Ahn, An on-chip whole blood/plasma separator using hetero-packed beads at the inlet of a 

microchannel, Lab Chip, 12, pp. 863-866, (2012).  
[4] K. K. Lee, C. H. Ahn, Nanoporous-based hydrophilic polymer µchannel using a spray layer-by-layer 

electrostatic nano-assembly, Proceedings of the Solid-State Sensors, Actuators, and Microsystems Workshop, 
June 3-7, Hilton Head Island, South Carolina, USA, pp. 209-212, (2012). 

 

CONTACT 
Kang Kug Lee; Leek8@mail.uc.edu 

0

20

40

60

80

100

120

0 100 200 300 400 500 600

V
o

lu
m

e
 o

f 
se

p
a

ra
te

d
 p

la
sm

a
 (

n
L

)

Time (s)

Asymmetric capillary force + Hydrophobic patch (10mm)

Bottom & side wall coatings

Top coating

Blood cells Separated plasma

(a)

(b)

Time

100µµµµm

 
Figure 4. Separation results: (a) separation images and (b) 
volume changes of the separated plasma as the separation 
time.  

 

 1938



 
Figure 1. The scheme of single DNA molecule  

methylation analysis method.  
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ABSTRACT 

We report a rapid and simple epigenetic analysis based on microfluidic single DNA molecular methylation 
detection.  We developed a microfluidic device to stretch a single DNA molecule and subsequent detection of a 
methylated DNA base by quantum dot (QD)-immobilized methyl binding domain (MBD) protein.  A QD-MBD 
complex specifically bound to a methylated base of stretched DNA and was detected by a total internal reflection 
fluorescence microscope (TIRFM).  Our method enables us to detect a number of methylation site and identify the 
methylated positions simultaneously in the simple and rapid manner compared with the conventional methods. 
 
KEYWORDS 
 Single DNA molecule analysis, Epigenetic analysis, Microfluidic device, Quantum dot

 
INTRODUCTION 

Epigenetics, such as DNA methylation, is becoming important in the screening of the early stage of cancer.  For 
DNA methylation analysis, immunoprecipitation using methylcytosine antibody, bisulfite sequencing etc are 
employed currently.  However, they require a long reaction time, large sample volume and troublesome procedures, 
and cause cleavage of DNA. Recently Cipriany et al. reported high-throughput detection and analysis of DNA 
methylation using nanofluidic channels.  However, this method cannot identify where and how many sites of DNA 
is methylated.  Recently, we developed the technique to observe single stretching DNA molecule [1-4].  In this 
paper, to overcome present problems of methylation analysis, we applied our technique to single DNA molecule 
methylation analysis. 
 
PRINCIPLE 

The schematic illustration of single DNA molecule 
methylation analysis method is shown in Figure 1.  DNA 
was ligated with complementary biotinylated 
oligonucleotide and immobilized on the glass surface via 
biotin-streptavidin complex formation.  Subsequently, 
QD-MBD complexes were injected into the microchannel, 
bound to methylation site under DNA stretching, and 
detected with a total internal reflection fluorescence 
microscope. 
 
EXPERIMENTAL 
 Employed microfluidic device shown in Figure 2(a) was 
prepared according to previous reported papers [1-4].  
Briefly, poly(dimethyl siloxane) (PDMS) microchannel 
(265 m width, 50 m height) was fabricated by the soft 
lithography method and bonded with a cover glass 
physically coated with biotin-bovine serum albumin (BSA) 
and streptavidin.  QD-MBD complexes were prepared by 
mixing streptavidin coated QD and biotin-MBD.  To 
estimate the optimum mixing ratio, we attempted to purify 
QD-MBD complexes from reactants by two methods.  
One is the ultrafiltration method and the other is the 
magnetic beads method.  In magnetic beads method, 
streptavidin coated magnetic beads were mixed into 
QD-MBD reaction solution to bind unreacted MBD 
proteins and recovered only QD-MBD complexes using 
neodymium magnet after 10 min incubation.  To 
distinguish the fluorescence of QD from that of YOYO-1, 
construction of the detection system was attempted by 
using the two types of fluorescence mirror unit, U-MWIB3 (BP 460-490 nm, BA 510nm, OLYMPUS) and U-MF2 
(BP460-490 nm, BA 580 nm, OLYMPUS), respectively.  Using U-MWIB3, both fluorescence of QD and YOYO-1 
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Figure 2. (a)A photograph image of our microdevice,  

which width and depth were 1000 m and 50 m,  

respectively. (b)a fluorescence microscopy image of 

 stretching DNA molecules. The histogram of (c)  

λDNA length and (d)methylated λDNA treated by  

BamHI methyltransferase 

 

were detected.  On the other hand, using U-MF2, only fluorescence of QD was detected.  To detect DNA 

methylation, λ-DNA was methylated by BamH1 methyltransferase (Recognition sequence: 5’-GGATCC-3’, the 

number of methylation sites were 5) and terminally biotinylated.  And then, methylated DNA was introduced into 

the streptavidin coated microchannel.  After 10 min incubation, not-immobilized DNA was washed with ultrapure 

water.  Then, QD-MBD complexes were introduced into the microchannel, incubated for 10 min, and washed with 

ultrapure water.  Lastly, single molecule observation was attempted at the flow rate of 1 l/min with TIRFM. 

 

RESULTS AND DISCUSSION 

The fluorescence image of stretching λ-DNA 

molecules and the histogram of λ-DNA length in 

Figure 2(b) and (c) indicate successful stretching of 

λ-DNA with our device.  In addition, our method can 

preserve native DNA length without cleavage of DNA 

as shown in Figure 2(c) and (d).  Secondly, to confirm 

the preparation of QD-MBD complex, gel shift assay 

and measurement of zeta potential of each samples 

prepared by different mixing ratio were performed as 

shown in Figure 3.  Figure 3(a) and (b) show that 

sample 3 and 4 have similar zeta potential and higher 

one compared to native QD and sample 1, which mean 

in sample 3 and 4, QD completely bound MBD 

proteins via biotin-streptavidin interaction and excess 

unbounded MBD proteins are remained.  To remove 

the excess MBD, purification was attempted and 

confirmed with gel shift assay as shown in Figure 3(c).  

Figure 3(c) indicates that employment of streptavidin 

coated magnetic beads can successfully remove 

unbounded MBD proteins from reactants.  

Subsequently, the construction of detection system was 

attempted.  Figure 4 (b)-1and -2 show the 

fluorescence images of stretching DNA by molecular 

combing stained with YOYO-1 and QD through 

(a)U-MWIB3 and (b) U-MF2.  When  

 

QDs and stretching DNA stained with YOYO-1 were observed through U-MF2, the only fluorescence signal of 

YOYO-1 disappeared, while the fluorescence of QDs was nearly-unchanged compared with that through U-MWIB3.  

This result indicates that employment of appropriate filter can permit to distinguish fluorescence from them.  

Finally, the detection of DNA methylation was attempted.  Figure 4 (c) shows five fluorescence dots were observed 

from stretched methylated single λDNA, which is also confirmed with fluorescence from YOYO-1 as shown in 

Figure 4(b).  Furthermore, the distance between adjacent fluorescence dots were measured and compared with 

predicted one as shown in Figure 4(a).  Table 1 shows that measured distance well corresponded with calculated 

and predicted one.  From these results, we demonstrate we can simultaneously detect DNA methylation, and 

analyze the number and the location of methylation sites in the simple and rapid manner.   

Thus, our developed method can permit simpler and more rapid methylation analysis compared to present method.  

Therefore, our method could be applied for diagnosis of early stage of cancer 
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Figure 3. Confirmation of QD-MBD complexes by the (a) Gel shift assay and (b)the measurement of  zeta 

potential. Lane1, QD only; Lane 2-4 QD-MBD complexes. (c)Confirmation of purification by gel electrophoresis 

Lane 1, only MBD proteins; lane 2, ultrafiltration; lane 3, magnetic beads method. 
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CONCLUSION 

We developed a rapid and simple epigenetic analysis method based on microfluidic single DNA molecular 

methylation detection.  Our developed method can overcome present problems related to methylation analysis and 

attain high performance in epigenetic analysis.  Therefore, our method could be applied for diagnosis of early stage 

of cancer in clinic. 
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Table 1. Distance between adjacent methylation point 

 Relative distance

(calculated value)

0.45 0.16 0.18 0.2

Relative distance

(measured value)

0.50 0.19 0.15 0.15
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Figure 4 (a)methylation sites in λDNA sequence and the distance between methylation sites. 

(b) Fluorescence images of YOYO-1 stained DNA and QD with two type filter. 

(c) Fluorescence image of QD-MBD complexes binding to stretched methylated λ DNA and histogram of 

five fluorescence dots 
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ABSTRACT 
    HIV is a pandemic that currently threatens over 33 million lives worldwide and HIV/AIDS remains one of the 
major causes of death globally. The continued monitoring of the CD4+ T-lymphocytes count in HIV patients is 
necessary for proper treatment, although this testing is too expensive and complex for limited resource settings. We 
report on a novel integrated centrifugal (CD) microfluidic system for rapid and low-cost HIV diagnosis through 
automated counting of CD4+ T-cells for point-of-care applications. We demonstrate the integrated T-cell 
immunocapture and detection mechanism using a novel system comprised of a modified commercial DVD drive and 
polymer disc. 
 
KEYWORDS 

Centrifugal microfluidics, Immunocapture, HIV diagnostics 
 
 

INTRODUCTION AND BACKGROUND 
HIV/AIDS continues to be one of the leading causes of mortality, affecting many millions of people worldwide 

[1].  The presence of HIV infection can be diagnosed through the detection of antigens or antibodies in a patient’s 
blood sample. Once a patient has been diagnosed with HIV, tests to determine the ratio of CD4+ T helper cells and 
CD8+ T-cytotoxic cells are used as a biomarker for identification of HIV progression in AIDS. These tests must be 
performed every 3 months in order to effectively monitor HIV-infected patients.  However, the accurate diagnosis 
of HIV progression poses several technological challenges as the current clinical method utilizes flow cytometry, a 
complicated and costly procedure that is difficult to perform in the resource-limited environments of developing 
countries.   

 
While significant progress has been made in applying miniaturized technologies to isolate CD4+ T lymphocytes 

based on immunoassays, the need for manual sample handling and external detection and sample processing has 
limited the method to be implemented in resource-scarce settings. The centrifugal (CD) microfluidic platform, with 
its intrinsic pumping and valving mechanisms, is an ideal choice for such an integrated point-of-care system [2]. In 
this paper, we introduce a CD-based platform that consists of a multi-layered disposable polymer disc and modified 
DVD drive with integrated fluid propulsion and detection capabilities.  

 
DVD SYSTEM AND DEVICE DESIGN 

We show here that a DVD drive can, with certain modifications, be turned into an improved DVD-based Laser 
Scanning Microscope (DVD-LSM) (Fig.1). The DVD-LSM operates in a similar fashion to a standard DVD drive, 
with the addition of a second photo detector module positioned above the DVD surface. In this way, cells or other 
absorbance-based reactions on the DVD surface can be detected via the decreased absorbance or scattered light 
reaching the two photodetectors from the DVD laser light source. Using this principle, we have manufactured a 
DVD-LSM prototype that incorporates a standard DVD reader with photo detector (detection), rotational control 
(sample handling), temperature control (optimized bioassay), and software (signal processing).  

 
A simple U-channel design was used to test the surface treatment procedure and verify cell attachment and 

counting using the integrated software of the prototype instrument (Fig.2-3). The top polycarbonate layer containing 
the fluidic features is UV-bonded to the bottom multilayer disc that is pre-functionalized with epoxy-silane. To 
incorporate a capture-based biological assay onto the DVD platform, the surface of DVD discs were first 
functionalized to enable the deposition of neutravidin. Briefly, DVD disc were first incubated with a neutravidin 
solution for 30 minutes, followed by washing with washing buffers. Afterwards, streptavidin-coated beads were used 
to test the fuctionalization and to evaluate the imaging capabilities of the system. Furthermore, for cell-based 
experiments, neutravidin was covalently attached to the epoxy-silanized DVD discs by a standard bio-conjugation 
protocol followed by deposition of antibodies.  
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Figure 1. Optical Disc-based Laser Scanning Microscope (DVD-LSM). (a) The principle of DVD LSM: A second 

photo detector is added to a standard DVD reader to record scattered light. The disc consists of multilayer PC with 
reflectors. (b) The DVD platform: the prototype integrates rotational control, temperature control and DVD laser 
reader. The unit (18x20x28 cm) is driven by software residing on PC or Laptop and data is transfered via USB2.  

 
 
RESULTS AND DISCUSSION 

Microfluidics combined with DVD technology offers promising alternative for simple, fast and reliable 
diagnostics in a global health setting.  In this work, we have developed an optical disc-based platform for analysis 
of biological samples by converting a low-cost DVD drive into a scanning laser microscope. The use of a DVD drive 
for imaging is similar to using a standard light microscope; both can generate the same kind of image. The primary 
benefit of the DVD drive being the ability to integrate various preparative steps on a rotating platform, and the 
ability to do the analysis in a low cost, fully integrated manner.  

 
In initial testing, we were able to show that beads can be specifically and securely attached onto the surface of 

pre-functionalized DVD discs. Before the bonding of channels layer, neutravidin was attached onto the disc by 
physisorption. After bonding of the channels layer, the streptavidin beads were flowed into channels over spotted 
neutravidin followed by washing with washing buffer. Figure 2 shows the DVD system output microscopy image of 
2.8 µm streptavidin beads, showing the specific and unspecific binding of beads with typical single bead resolution. 

 
 

Figure 2. DVD microscope image. (a) Injection molded top PC layer with the microchannel features was 
UV-bonded to the bottom PC substrate disc with a semi-transparent reflector coating. (b) A simple U-channel design 
(150mmx2mm) used in this study. (c) DVD Image of 2.8um beads specifically attached (streptavidin-biotin 
interaction) inside a surface-modified microchannel. 

 
 
 
 
 

 1943



 
 
 
 
To demonstrate practical applications in resource limiting settings, we tested immobilizing CD4+ T-lymphocytes 

for HIV diagnostics. For the cell experiments, the epoxy-silane was first incubated with neutravidin for 30 min and 
then with anti-CD4+ or CD8+ for additional 30 min. T2 cell lines that express only CD4+ and CD8- were used as a 
model cell line for the experiments.  To increase the contrast, the cells were stained with Hematoxylin and eosin 
stain after being captured on the surface. We show specific binding of a CD4+ specific cell line, with negligible 
unspecific binding (Fig.3). Furthermore, more work is under way to integrate the steps of blood sample handling and 
processing in an integrated fashion.  

 
 
  

Figure 3. DVD platform readout of immuno-captured cells. The two u-channels were surface modified with 
anti-CD4 (left) and anti-CD8 (right) antibodies. The T2 cells (CD4+, CD8-) are specifically attached to the surface 
modified with anti-CD4 antibodies.  
 
 
CONCLUSION 

We have demonstrated a novel microfluidic system with integrated detection of CD4+ cell counts for HIV 
diagnosis.  A stand-alone bench-top DVD-drive system was developed that integrates fluidic propulsion, 
microscopy-based detection and image processing.  This integrated DVD-LSM system has the capability to 
perform absorbance-based measurements, in addition to the demonstrated light-scattering application of 
immunocapture counting.  
  

Temperature control is also integrated into the prototype system, enabling the adaptation of various 
temperature-reliant biochemical assays.  Environmental temperature control makes this system well-suited for 
installation in remote environments where temperature fluctuations would likely have an impact on diagnostic test 
result reproducibility. An integrated system is currently under development which will automate the surface 
modification, sample inlet and washing steps, along with the cell staining steps. This future integrated system will 
allow the user to input the blood sample into a pre-modified disc and view the cell count results without any 
additional steps, greatly simplifying the immunocapture detection process.  
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ABSTRACT 
   We aim to take ‘lab-on-chip’ technology further by introducing the concept of a ‘lab-on-transistor’.  In this 
methodology, laboratory operations, such as heating, cell lysis, and detection, are performed on a single transistor instead 
of on an entire microchip.  To demonstrate this concept, we developed a heating technique that allows transistors to act 
as electrically addressable, individual heating units.  We have coupled the transistor heaters with placement of 
sub-nanoliter droplets to create individual heated reaction volumes.  Under this configuration transistors become highly 
localized heater/sensors capable of high-speed thermocycling (>25°C/s) of <1nL reactions with potential for electrical 
detection of biological analytes.  
 
KEYWORDS 
Droplets, Field effect transistor, PCR, parallel, denaturation, electroporation. 

 
INTRODUCTION 

The crisis in the management of infectious disease for the developed world and in the developing world requires 
rapid, easy to use, integrated, and inexpensive diagnostic devices for the detection of bacterial and viral agents of 
infectious diseases. The urgency of this critical need cannot be over-emphasized, since millions will benefit from the use 
of rapid diagnostic technologies. Specifically, nucleic acid-based methods are still considered the gold-standard for 
detection and identification of microorganisms and viruses due to their high specificity and selectivity as compared to 
antibody-based assays. The recent technological advances in microfluidics and micro/nanotechnology present new 
opportunities for development of small, sensitive, single-use, point-of-care “Lab on Chip” (LOC) diagnostic devices that 
are capable of providing a rapid analysis of nucleic acid amplification for global health applications.  Specifically, 
Nanowire field effect transistors (FETs) have been widely used as sensors for detection of biological products including 
small molecules, proteins, and nucleic acids. [1] Biological FET’s provide high sensitivity, small size, portability and 
low cost making them an attractive option for ‘lab-on-a-chip’ applications. [2] 

 To take current LOC techniques one step further, we propose to develop the concept of a “Lab-on-a-Transistor” for 
point-of-care testing that will be capable of: (i) cell capture and thermal lysing, (ii) ultra rapid techniques for performing 
nucleic acid amplification and (iii) rapid, electrical detection of the amplified products on silicon transistors (Figure 1). 

 
 

Figure 1: (a) A cross section of the proposed device.  Each well will contain 3-5 transistors, each serving their own 
individual purpose from heating to sensing. (b) A pathogen will be flowed inside the well through microinjection or 
microfluidics to become the template for PCR. (c) Using AC electroporation through one of the transistors, bacteria will 
be lysed to release the template DNA. (d) PCR amplification will be achieved by changing the input voltage to the heater 
transistor. (e) The non-heating transistors inside each well will sense pyrophosphates generated via PCR in order to 
electrically sense amplification.  

 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1945



EXPERIMENT 
Our work aims to overcome the PCR-related limitations of time to result, high reagent cost, and expensive, 

sophisticated instrumentation through use of transistors for high-speed sub-nanoliter droplet heating on a scalable 
platform.  To this end, we have developed a novel process to selectively heat silicon field effect transistors (FETs) using 
an AC voltage-mediated strategy. [3] The experimental procedure involves applying an AC voltage at 10MHz and 10-25 
Vrms between the shorted source/drain of a transistor and the bulk substrate (Figure 2(a)).  A fringing electric field 
directly above the targeted device causes dielectric relaxation of water ions in solution, allowing ultra-rapid heating with 
temperature stabilization within ~10ms.  In our scheme, a droplet (<1nL) of PCR solution is placed on the device 
(Figure 2(b) & (c)).  Changing the applied voltage allows us to control the temperature profile within the sub-nanoliter 
droplet.  We have studied the range of temperatures possible through simulations and on-chip calibrations using the 
melting temperature of fluorescently labeled dsDNA FRET probes.  Our results show that we are able to achieve the 
temperatures required for PCR and due to the rapid nature of this heating method, the time to complete 30 cycles of PCR 
is less than 5 minutes.  Together, these characteristics help to enable a truly ultra-rapid, point-of-care test. 

 

 
Figure 2: (a) A cross section of the device with a droplet placed over a single heating unit. (b) A bright-field image of 

a droplet on a transistor.  The droplet’s volume is approximately 100pL. (c) The fringing electric field from an applied 
signal of 22Vrms at 10MHz is simulated.  The electric field is highly localized above the device surface. 

 

 
Figure 3: (a) and (b) A melting curve from a commercial real-time PCR system is shown with a 74C FRET construct.  

(c) and (d) A melting curve from our device is shown.  Increasing the applied AC voltage increases the temperature 
within the droplet.  By taking the derivative of the recorded fluorescence from (c), we can extract the melting voltage of 
the 74C FRET construct. (e) Fluorescence images of the droplet used for (c) and (d). 

 
Additionally, we have devised a method to locally lyse individual cells on a transistor.  This acts as a necessary first 

step to an amplification reaction as it is imperative that the DNA of the cell be released.  We are able to use the same 
AC technique shown in Figure 2 to induce irreversible electroporation of a cell. As seen in Figure 2(c), the fringing 
electric field is strongly localized at the device surface and exceeds 1e6 V/cm for an applied signal of 22Vrms.  This 
strong of an electric field can be used to create a transmembrane voltage across a cellular membrane. [4] If the 
transmembrane voltage exceeds a certain amount ~1V, irreversible electroporation will occur and the cellular contents 

 1946



will be released into the surrounding environment. [5] As shown in Figure 4, we have used this technique to perform 
highly localized single cell lysis.  This allows for DNA release from targeted cells without the need for chemicals, 
mechanical forces or high temperatures that might interfere with a downstream PCR assay. 

 
Figure 4: (a) A cell on the far left of the set of images is lysed by an applied electric field of 600mV.  By (iii), the 

cell has taken up propidium iodide in the solution and begun to fluoresce as red.  This indicates damage to the cellular 
membrane and death of the cell.  (b) An SEM of a cell that has been lysed using the AC electroporation technique.  
Significant damage in the cellular membrane is evident. 
 

In order to overcome the need for a traditional optical detection of PCR amplification, our novel heating technique on 
a transistor can be coupled with the biosensing capabilities of the nanowire transistor.  Field effect transistors (FETs) 
work by sensing modulations in conductivity between the source and drain when a charged entity, like DNA, binds near 
the sensor surface.  By functionalizing the surface of the device, highly sensitive, label-free, dynamic detection of 
specific chemical or biological molecules is possible. [1] Our lab has demonstrated the ability to sense hydrogen and 
pyrophosphate selectively on transistors. [7] [8] These ions can be used for detection of PCR amplification, as both are 
generated with nucleotide incorporation in the elongation phase of PCR.  We are currently working to implement this 
technology with our previous heating and electroporation results. 

By utilizing micro-fabrication techniques and semiconductor processing skills, as well as our previously 
demonstrated transistor-based heating technology [3], we are working to develop a novel platform capable of ultra-rapid 
thermocycling, highly localized cellular electroporation and the potential for electrical detection of PCR.  Using our 
own fabricated nanowire transistors arrays, we have shown the ability to: (i) lyse individual cells, (ii) rapidly heat 
sub-nanoliter volumes while monitoring DNA denaturation, and (iii) electrically detect pH, pyrophosphates, and nucleic 
acids.  With further development of our integrated system, PCR—the gold-standard of pathogen detection in the 
laboratory—could be made a fast, portable, inexpensive method for on-site testing of a variety of the world’s most 
deadly infectious pathogens.  
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SINGLE-STEP CAPILLARY ELECTROPHORESIS FOR 
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ABSTRACT 

    We developed a novel single-step capillary electrophoresis (SSCE) scheme for field-amplified sample stacking 

(FASS) by using a hydrophilic material polymethyl methacrylate (PMMA) microchannel chip. The capillary effect 

was used to introduce liquids and control capillary stop valves in a partial barrier structure of the microchannel. 

Through the combined action of stop valves and air vents, both sample plug formation for electrophoresis and 

sample injection into a separation channel were successfully performed in a single step. To optimize SSCE, different 

stop valve structures were evaluated. Using this method, DNA ladder was concentrated 40 fold and separated well 

within 1 min. 

 

KEYWORDS 
capillary effect, capillary stop valve, field-amplified sample stacking, microchip capillary electrophoresis  

 

INTRODUCTION 

A electrophoretic separation can be used for diagnostic applications such as multiplex molecular diagnostics, 

PCR product detection [1], and immunoassays, which involves detection of electrophoretic mobility shifts between 

bound and unbound proteins [2]. Since a short turnaround time and automated operation are important in the field of 

diagnostics, microchip capillary electrophoresis should be improved to further reduce analysis time, operation steps, 

and equipment size, and signal enhancement as well. Several studies have demonstrated sample concentration in a 

microchannel [3]. However, these are multistep processes that require complex coating or packing of porous 

polymers into the microchannel. 

We developed a novel SSCE scheme for FASS by using an injection molded microchannel chip, which was made 

from the hydrophilic material PMMA, equipped with a capillary stop valve. Taking the surface tension property of 

liquids into consideration, the capillary effect was used to introduce liquids and control capillary stop valves in a 

partial barrier structure in the wall of the microchannel. Through the combined action of stop valves and air vents, 

both sample plug formation for electrophoresis and sample injection into a separation channel can be performed in a 

single step (figure 1). The FASS scheme is based on the simple principle that ions in a high electric field migrate 

faster than those in a low electric filed. In the FASS scheme, a low-concentration buffer is used as the sample 

solution, and thus, the sample ions can be concentrated at the boundary of 2 buffers (figure 2). 

EXPERIMENT 

All PMMA microchannel chips used in this research were kindly supplied by the Enplas Corporation (Tokyo, 

Japan). Injection-molded PMMA microchannel chips were thermally bonded to 125-m–thick PMMA film by 

Enplas. The stop-valve function was evaluated with varying types and sizes of partial barrier valve structures. The 

partial barrier structures were located on the channel sidewall and on the bottom of the channel. As shown in the 

scanning electron microscopy images (Fig. 3), round and square partial barriers were present in the side-wall. Partial 

barrier sizes varied from 5–35 m for the round type and 15–45 m for the square type, and bottom partial barriers 

with sizes ranging from 0–9 m were fabricated and their stop-valve functions were evaluated. The main channel 

width was 100 m with a depth of 30 m. The PBS solutions having different tween-20 concentration PBS buffers 

were introduced into the microchannel using the capillary effect, and whether the meniscus stopped at the valve 

within 10 min after liquid introduction was observed. Furthermore, shock tests were performed to evaluate valve 



 


 











 
  





 

   





Figure 1. Principle of an SSCE scheme with capillary action 

and stop valve. The area indicated by diagonal lines and 

zigzag lines indicate 2 different liquids. The voltage indicated 

in this figure is a representative value. Different voltages are 

applied in actual use. 

Figure 2. Principle of FASS scheme 
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stability. In the shock test, the chips were dropped onto the floor from a height of 1 m and the meniscus was 

observed subsequently. 

Evaluation of SSCE was performed using a 20-µm round-type stop valve with a side partial barrier and a 3-µm 

bottom partial barrier to stabilize valve performance and to minimize sample plug deformation. All other channel 

widths and depths were 100 µm and 30 µm, respectively. Channel length for the sample plug was 3 mm and the 

length of the separation channel was 12 mm. The detection point for the electropherogram was 1.8 mm from the 

sample plug channel.  DNA ladder separation with SSCE was observed using a conventional fluorescent 

microscope (BX51; Olympus, Japan) and CCD camera (DXC-390; Sony, Japan). Video was captured using a video 

capture device (K-BD; KEIAN, Japan); sample brightness was evaluated using in-house software. A separation 

solution for DNA was prepared by dissolving 2% (w/v) HEC (SP600, DAICEL Finechem LTD., London, England) 

into TBE solution. The concentration of the DNA ladder for SSCE evaluation was adjusted to 5 µg/mL by dissolving 

0.05× TBE sample solution with 0.5% HEC and 1× SYBR Green I (Life Technologies Corporation, Carlsbad, CA, 

USA). TBE buffers were prepared by diluting 10× TBE with deionized water at several different ratios to evaluate 

various FASS buffer systems.   

 

RESULTS AND DISCUSSIONS 

Figures 3a and 3e show the success rate of 

stop-valve functions with different types and 

sizes of partial barriers without Tween-20 PBS 

solution. Success rates were obtained from 10 

experiments. For the round-type partial barrier 

valve, most valves did not function properly in 

the absence of the bottom partial barrier 

structure. However, valve function Shock tests 

were performed to evaluate valve stability (Fig. 

3b and 3f). Shock effects occurred primarily for 

the 3-µm small bottom partial barriers, with 

minimal effects observed with bottom partial 

barriers bigger than 6 µm (Fig. 3b). The valve 

with a 20-µm side partial barrier with a 3-µm 

bottom partial barrier is the smallest valve that 

showed a stable valve function and a minimum 

difference in the channel cross section. In 

contrast, square-type side partial barriers worked 

well without the bottom partial barrier in PBS 

solution. Even after the shock test, the valve 

functioned stably with the square-type partial 

barrier when the bottom partial barrier was 

fabricated (Fig. 3f).  

The same tests were performed in PBS 

solutions containing 0.05% and 0.1% Tween-20. 

Only the shock test results are indicated for PBS 

containing Tween-20 (Fig. 3c). The success rate 

decreased as Tween-20 concentration increased 

and any partial barrier structure was able to stop 

the liquid at a Tween-20 concentration of 0.1%. 

Since partial barrier structures were located only 

on the side and the bottom of the channel in this 

study because the design was simple and 

cost-effective, the top of the channel was unable 

to stop the liquid. To use a liquid with a contact 

angle of less than 50 degrees, a partial barrier on 

the top of the channel is necessary.  

Images of the SSCE operation are shown in 

Fig. 4. All liquids were introduced by capillary 

action within 2 min, and the liquids stopped at 

the liquid stop channels. Next, sample plug 

formation and injection into the separation 

channel were successfully performed using 

single-step electrical operation. By adapting the 

bottom partial barrier, the side partial barrier size can be minimized and a flat form sample plug can be introduced 

into the separation channel. Since the sample plug was concentrated in a flat form, separation was observed by 20 s 

for a short channel length.  

Figure 3. Comparison of capillary stop valve success rate 

using different types and sizes of side and bottom partial 

barrier structure. 

Figure 4. Images of SSCE operation with sample solution 

containing 0.5% dissolved HEC (a) and without HEC (b). 

Dotted lines indicate the channel wall.  
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Figure 4b shows the results obtained using a 

sample solution that did not contain 0.5% HEC. In this 

case, sample plug deformation and sample adsorption 

were observed. A native polymer surface, such as 

PMMA, PC, PDMS, or COP, has zeta potential despite 

the absence of ionic function the polymer surface. By 

applying a voltage to the microchannel, the zeta 

potential generates a flow in the microchannel, or EOF. 

This flow can be dramatically reduced by using a small 

amount of additive such as HPMC and HEC by 

self-coating [4]. When a buffer solution without 

polymer additives is used as the sample solution in the 

FASS scheme, the sample solution generates a larger 

EOF than the separation solution. These EOF 

differences for each region cause a laminar flow, 

broadening the electrophoresis band as shown in Fig. 

4b. In contrast, with HEC dissolved in the sample 

buffer, DNA was concentrated in a flat band shape and 

no adsorption was observed. 

The ratio of buffer concentration between the 

sample solution and separation solution, which is 

expressed by as the field enhancement factor, γFASS, 

affects electrophoretic resolution in the FASS scheme. 

Peak resolution increased as the γFASS increased, as 

shown in Fig. 5. When 0.2× TBE (γFASS = 4) was used 

as the separation solution, all peaks could be 

distinguished. Peak resolution increased with 0.5× 

TBE (γFASS = 10), but longer DNA fragments were not 

well-separated. When more than 5× TBE was used, 

100-bp DNA ladder could be separated with sufficient 

resolution to distinguish the bands using computational 

methods. Since the FASS scheme concentrates the 

sample, electrophoretic bands can be narrow, and the 

sample can be separated faster than with the use of a 

conventional cross-injection scheme. Signal 

enhancement should be evaluated between signals of 

sample solution and separated samples at a detection 

point. As shown in Fig. 5, the signals of the separated 

sample at the detection point did not increase in the 

same manner as γFASS. Since the concentrated electrophoretic band became wider during separation due to dispersion, 

signal peak heights showed similar values for all buffer systems. The calculated sample concentration value from 

separated DNA signals was approximately 40 times for all buffer systems and DNA fragments.  

 

CONCLUSION 
By adapting a partial barrier structure for a stop valve on the bottom of a microchannel, the partial barrier 

structure size on the side of a channel was successfully minimized. The minimized stop-valve structure was applied 

to electrophoretic sample plug formation. Since the sample plug was concentrated in a flat form after injection into 

the separation channel using the FASS scheme, high-separation resolution was achieved in a short period of time and 

separation channel length. Although approximately 2 min were required for liquid introduction into a 12-mm length 

channel, a 1.8-mm channel length is sufficient for separation. Therefore, the total operation time, including liquid 

introduction and electrophoresis, can be less than 2 min. This system is simple because SSCE can be operated using 

simple processes and electrical equipment. 
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Figure 5. Comparison of electropherograms with 

different field enhancement factors, γFASS (the buffer 

concentration ratio between the sample solution and 

the separation solution). Concentrations of 

separation solution buffers, γFASS, and applied 

voltages are indicated. Voltages were adjusted such 

that samples would have similar electrophoretic 

mobility. 
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ABSTRACT 
    A simple and rapid method to differentiate between the viable and nonviable Cryptosporidium parvum (C. 
parvum oocysts) oocysts in drinking water using dielectrophoresis on disposable PDMS (polydimethylsiloxane) 
microfluidic chips was presented here. Additionally, an efficient way to modify C. parvum oocysts by silver 
nanoparticles (AgNPs) was developed, and the varied standard treatment methods were studied for comparison as 
well. This method is capable to distinguish the viability of C. parvum oocysts at concentration levels lower than 105 
oocysts per milliliter. 
 
KEYWORDS 
Cryptosporidium parvum oocysts (C. parvum oocysts), Dielectrophoresis, PDMS, Microchip, Disposable  

 
INTRODUCTION

Cryptosporidium parvum (C. parvum) is an infectious waterborne protozoan parasite, which is a significant cause 
of diarrheal disease, dehydration, and death in humans, especially among children and immunecompromised patients, 
has been identified in 78 other species of mammals.[1] The current diagnostic techniques using animal models are 
time-consuming, require skilled technicians, and are unable to quantify oocysts in fecal and environmental 
samples.[2-3] 

Dielectrophoresis, causes electrokinetic migration of particles, under non-uniform electric fields and is dependent 
upon the dielectric nature of the cells and their suspending medium. Electrodeless dielectrophoresis (EDEP) methods 
apply dielectric constrictions to enhance electric fields during dielectrophoresis, while avoiding the dissipation of 
trapping due to electrochemical reactions at electrodes, as per our previous works.[4-5] In principle, 
dielectrophoretic force, acting on a polarizable particle in a non-uniform field, is given by: FDEP = 
2πr3εmRe[K(ω)]E2, where r is the radius of the particle, εm the absolute permittivity of the suspending medium, E 
the amplitude of the applied field (i.e., root-mean-squared E in the case for an ac field), and Re[K(ω)], the real part 
of the Clausius-Mossotti (CM) factor, representing the frequency-dependent dielectric contrast between the particle 
and the suspending medium in an external driving field. 

Herein, we used a simple PDMS disposable microchip to perform rapid monitoring of the viability of C. parvum 
oocysts. The varied treatments of heat, hypochlorous acid (HClO), and silver nanoparticles (AgNPs)[6] were utilized 
for the investigation of the capability of AgNPs, and tried to demonstrate the power of AgNPs treatment and its 
efficiency relied on the DEP behavior. The current disposable PDMS microchip is adequate for the waterborne 
protozoan parasite monitoring, like C. parvum oocysts, to prevent the further outbreak of infectious diseases. 

 
EXPERIMENT 

The layout of our chip design is depicted in Figure 1. A common and biocompatible material, PDMS was 
selected for the microstructures imprinted from the silicon wafer, and then proceeded to bond coverslip which 
treated by general oxygen plasma on surface, to be a disposable microfluidic chip. After the adaptable sample 
loading and platinum electrodes integrating process, the electric field would be applied by function generator 
through AC power amplifier and then the cell (C. parvum oocysts) behavior would be monitored by CCD (charge 
coupled device) within AC field applied.  

 
Figure 1: The experiment setup and disposable EDEP chip design 
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RESULTS AND DISCUSSION 
As stated as above, the DEP behavior of C. parvum oocysts is depended on its polarizability, it produced positive, 

negative and weak DEP behavior by dielectrophoretic force, as shown in the snapshots of Figure 2. Here, we used 
well substantiated C. parvum killing method, heat treatment in boiling water for the comparison to standard,[7] the 
different doses of treatment by hypochlorous acid (HClO) and AgNPs were investigated. The various DEP behaviors 
and the results of different treatment and concentration displayed the distinguishable transition curves by frequency 
in Figure 2. The viable C. parvum oocysts (untreated or low dose treatment) expressed positive DEP response in DI 
water, trapped between two constrictions, in the frequency above 300~400 KHz, and nonviable C. parvum oocysts 
(killed by treatment) expressed negative DEP behavior, repelled away the gaps at all of frequencies. However, the 
conductivity of viable oocysts is differed from the nonviable one due to the cytoplasm conductivity changed as 
modeled in the inset of Figure 2, and the distinguishable transition curve demonstrated that it is likely caused by an 
altered polarizability of oocysts due to changes in conductivity of the cytoplasm. 

 
Figure 2. The snapshots of C. parvum oocysts behaviors in different DEP condition, and its DEP transition curves in 
varied treatments and concentration. Inset: The concept of cell models for the polarizability in viable and nonviable 
C. parvum oocysts. 

 
Nevertheless, since the DEP behavior of the C. parvum oocysts is dependent on its polarizability, the different 

conductivity medium will affect the permittivity of C. parvum oocysts and medium. The Figure 3 shown our studies 
when the C. parvum oocysts existing in different concentration of medium. It’s obvious the DEP transition curve is 
shifted to the higher frequency when the conductivity of medium is higher to change the permittivity between them. 

 
Figure 3. The DEP transition curves of C. parvum oocysts in various concentration of medium 

 
Furthermore, we also studied the influence of different doses of varied treatments by time, performed in Table 1, 

to monitor the DEP behavior changing by treatment time of HClO or AgNPs at particular frequency, 400 KHz, and 
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the treatment time associated to the different concentration of C. parvum oocysts (lower to 105 oocysts/mL). The 
results brought this C. parvum oocysts monitoring method into a powerful scale due to the AgNPs treatment 
performed within very short time and its nontoxic agent property. It will appropriate to be a good waterborne 
protozoan parasite determination method, rapidly diagnose and prevent the infectious diseases outbreak. 

 
Table 1.  The time monitoring on different doses of hypochlorous acid (HClO) and silver nanoparticles (AgNPs) 
treatment. 

 
DEP conditions: 200 Vpp/cm, 400 KHz; ＋: positive DEP, －: negative DEP, less: less effective 
[C. parvum oocysts]: 5x107 oocysts/mL, *5x106 oocysts/mL, and **5x105 oocysts/mL 

 
CONCLUSION 

In presenting investigation, we demonstrated a simple and rapid method to differentiate the viable and nonviable 
C. parvum oocysts in drinking water using disposable microfluidic chip by dielectrophoresis for waterborne disease 
diagnostics. We illustrated the viability of C. parvum oocysts would be distinguished by DEP behavior obviously in 
various oocysts treatments, especially in a developed nontoxic treatment by silver nanoparticles, and also studied the 
dose effect by treatment time, influence of the medium conductivity as well. It’s apparent the C. parvum oocysts are 
monitored the varied DEP behaviors at particular frequency by different treatment, summarized in table 2. 

 
Table 2.  The summary of DEP responses for C. parvum oocysts in varied treatments 

 No 
treatment 

Heat 
treatment*

AgNPs 
treatment**

HClO 
treatment**

DEP behavior 
in D.I. water ＋ － － ＋→－

*Heat treatment: 15 mins in boiling water 
**Concentration used is 100 mg/L for 5x107 oocysts/mL 
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ABSTRACT 

Early and accurate diagnosis of rare disorders is a major challenge, even for trained specialists. Finding 
innovative, accurate diagnostic methods and high-throughput, cost-effective tools are crucial to improve quality of 
life and observe further progress of medicine. 

This paper describes a simple polymeric microsystem with optical detection for flow and stopped-flow analyses 
of activity of α-galactosidase A deficient in Fabry disease. The principle for the determination of α-galactosidase A  
activity was fluorometric measurement of a protonated form of 4-methylumbelliferone released in the enzymatic 
reaction. The experimental set-up and the design of the detection module allowed determination of the product in the 
first minutes of the reaction. The presented results make the microsystem a promising tool for point-of-care 
applications.   
 
KEYWORDS 
Early diagnostics, point of care, lysosomal storage disorders, optical detection, flow analysis, stopped-flow analysis.  

 
INTRODUCTION 

Lysosomal storage disorders (LSD) are a group of over 50 rare inherited disorders that result from defects in 
lysosomal function [1]. All of these have in common the deficient activity of a specific lysosomal enzyme, e.g. 
β-glucocerebrosidase (Gaucher disease), α-glucosidase (Pompe disease), α-galactosidase A (Fabry disease) [2]. Most 
of LSD can be identified only by specialists, usually after long, frustrating medical examinations and missed 
diagnoses [2]. While some currently available therapies (such as enzyme replacement, substrate deprivation, 
chemical chaperon, or gene therapy) have great potential, their efficacy will rely heavily upon the early and accurate 
diagnosis of the disorder, ideally, before neurologic symptoms arise. Early detection of absent or minimal enzyme 
activity offers the best opportunity for therapeutic intervention to prevent irreversible damage of organs and 
premature death.  

However, currently used methods are inaccurate, time-consuming, and limited to specialized laboratories. There 
are still too many false-positive and false-negative test results. The reliability and accuracy of the methods used to 
determine the activities of lysosomal enzymes and classify patients for a proper therapeutic group need urgent 
improvement.  

The aim of this work was to design and develop a microfluidic system for laboratory diagnostics of lysosomal 
storage disorders. We present a microfluidic system with integrated optical elements for flow and stopped-flow 
analyses of activity of α-galactosidase A using cultured human fibroblasts.  

 
EXPERIMENTAL & RESULTS 

A schematic view and a picture of the system are presented in Figs. 1 and 2, respectively. The three-layered 
thermally bonded PMMA microsystem fabricated by micromilling consists of a module for hydrodynamic focusing 
of cell suspension, a 250 µm wide and 500 µm high mixing microchannel, and an optical detection module 

connected to an external light source and a detector via optical fibers. Two exciting and one collecting optical fiber 
were inserted into the system after bonding using guiding microchannels and sealed with UV glue.  

 

 
Figure 1. Schematic view of the microsystem. 
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Figure 2. Picture of the microsystem. 

 
The middle PMMA layer was introduced for precise positioning of the collecting quartz fiber and to improve S/N 

and LOD of the method by filtering most of light below about 400 nm including the exciting light (320 nm) and 
possible fluorescence by the substrate (here: 375 nm) while allowing fluorescence from the product to pass (445 nm). 
The spectra for the collected light for a two- and a three-layered device are compared in Fig. 3. 
 

 
Figure 3. The spectra for the collected light for a two- (blue curve) and a three-layered (red curve) 

microsystem. 
 
The flow analysis of α-galactosidase A activity is based on the fluorometric measurement of a protonated form of 

the enzymatic reaction product (4-methylumbelliferone). By changing the flow rates for the cell suspension and the 
substrate while maintaining a constant ratio, the concentration of the released product after different reaction times 
could be determined (Table 1, Fig. 4). The α-galactosidase A activity determined with this method was 
76.8 ± 9.5 µU/10

6 cells.  
 

Table 1. Flow rates for the reagents introduced to the system while maintaining a constant 1:4 flow ratio, 
and resulting times for the enzymatic reaction. 

Cell suspension 
[µL/min] 

Substrate 
(side streams) 

[µL/min] 

Enzymatic 
reaction time 

[min] 
8 32 1 
4 16 2 
2 8 4 

1.6 6.4 5 
1 4 8 

 
For stopped-flow analysis the reagent flow was stopped after introduction to the system and the increase of the 

product’s fluorescence in time was measured (Fig. 5). The determined α-galactosidase A activity using this method 
was 70.6 ± 9.8 µU/10

6 cells, showing good agreement with the flow-based analysis. 
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CONCLUSIONS 
Compared to currently used protocols for α-galactosidase A activity determination [3], the microdevice provides 

a significant reduction of the analysis time (from several hours to minutes). Detection of fluorescent product is 
possible shortly after the start of the reaction because of the design of the detection module (LOD=200 nM). 
Moreover, the experimental set avoided having to terminate the enzymatic reaction with alkaline buffer and sample 
dilution, with significant effects on the sensitivity of the method. The system is equally suitable to determine the 
activity of other lysosomal enzymes. Due to its straightforward and low cost fabrication, and the possibility of 
integration with commercially available detectors, the system holds much promise for point-of-care applications. 
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Figure 4. Flow analysis of α-galactosidase A 
activity. The reaction progress curve was estimated 
for different times of the enzymatic reaction (1, 2, 4, 
5 and 8 min) obtained by changing the flow rates 

for the cell suspension and the substrate while 
maintaining a constant ratio. 

 

Figure 5. Stopped-flow analysis of 
α-galactosidase A activity. 

1956



GLASS FIBER SHEET ON A CHIP: 
FOR RAPID, LOW-COST, AND CONTAMINATION-FREE 

QUANTITATIVE IMMUNOASSAY 
Yuriko Oyama1,2, Toshihisa Osaki3, Koki Kamiya3, Ryuji Kawano3, 

Tsutomu Honjoh2, Haruki Shibata2, 
Toru Ide1 and Shoji Takeuchi3 

1The Graduate School for the Creation of New Photonics Industries, Japan 
2Morinaga Institute of Biological Science, Inc., Japan 

3Kanagawa Academy of Science and Technology, Japan 
 
ABSTRACT 

This paper describes a quantitative immunoassay chip harnessing EOF (electroosmotic flow) in glass fiber sheet. 
The chip consists of a glass fiber sheet-based channel covered with PMMA (polymethylmethacrylate) frames and 
antibody-immobilized microbeads at the observation spot (Fig. 1). Applying EOF, another labeled-antibody and 
rinsing buffer sequentially migrate through the antigen-antibody complex on the beads and stain the beads depending 
on the sample (antigen) concentration. We demonstrated a quantitative assay of insulin and succeeded in determining 
the concentration in 20 min. The developed chip would provide a rapid, low cost and contamination-free assay 
system. 
 
KEYWORDS 
Glass fiber sheet, Immunoassay, Electroosmotic flow 

 
INTRODUCTION 

Immunoassay has been utilized for food inspection, clinical diagnostics and detection of biological/chemical 
hazards. For quantitative immunoassay, ELISA (Enzyme-linked immunosorbent assay) is one of the most popular 
methods owing to its high sensitivity, but it is time-consuming and the commercial system/kits are expensive. 
Quantitative heterogeneous immunoassay requires controlled B/F (bound/free) separation which usually needs 
several manual procedures (e.g. adding sample and/or ligand, counting time, and washing).  

Various microfluidic platforms have been developed for the immunoassays since the miniaturization of the assay 
system enables to reduce the sample consumption, accelerate the detection rate, and enhance the sensitivity. There 
have been numbers of reports that proved the applicability of the microfluidic devices to the broad analytes such as 
proteins, chemical substances, etc [1-5]. Recently, in the field of clinical treatment, quantitative POC (point-of-care) 
immunoassay testing is strongly desired. They are essential in emergency department, moreover doctors’ office, 
schools, workplaces and homes which have no central laboratory. Upon these requests, disposable and power-free 
microfluidic devices have been studied for POC testing [6-10]. These devices, however, demand multiple adding and 
washing procedures to the operators. 

Fig. 1 Conceptual diagram of B/F (bound/free) separation and quantification of the antigen in the glass fiber sheet 
chip by EOF (1-3) and fluorescent microscopic images of the well (sample: 50 ng/mL insulin, see also Fig. 3). The 
increased intensity (at 5 min) reduced after the B/F separation (at 15 min).
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Here we present an alternative quantitative immunoassay chip to solve the abovementioned problems. We chose 

glass fiber sheet as the key material that allows the generation of EOF. Due to the combination with EOF, the glass 
fiber sheet-based chip enables to save the multiple applying/washing manipulations and to avoid the contamination 
by enclosing the sample-liquid within the chip. The developed chip would provide a rapid, low cost and 
contamination-free assay system. 
 
EXPERIMENT 
Fabrication of glass fiber sheet chip 

We made immunoassay chip with glass fiber sheet and PMMA. A piece of glass fiber sheet (thickness 370 μm) 
was cut to the channel shape (width 2 mm) and the PMMA frames were micromachined for the cover of the fiber 
sheet. At the middle of the channel, the observation area (well, 2×1×0.5 mm3) was designed for setting the 
antibody-immobilized microbeads. The other spot area was for the injection of the fluorescence-labeled antibody. All 
three parts, PMMA channel frame, glass fiber sheet, and bottom PMMA frame, were thermally compressed and 
bonded at 140 °C for 5 min. Both ends of the fiber sheet were connected to the reservoirs, and a DC voltage for the 
EOF was applied via the reservoirs (Fig. 1). 

 
Quantitative immunoassay of insulin 

The insulin sample (2.5 μL) was mixed with the standard amount of microbeads, which immobilized anti-insulin 
antibody, for 5 min, and the mixed beads were set to the well (observation area). Then the reservoirs and channels 
are filled with TBE (Tris-borate-EDTA) buffer, and finally 1 μL of fluorescence-labeled anti-insulin antibody was 
spotted. After 40 V DC was applied for fifteen minutes, the fluorescence intensity of the beads was detected by 
fluorescence microscopy, which would correspond to the insulin intensity. The assay took 20 min in total. 
 
RESULTS AND DISCUSSION 
Migration direction of target molecules with EOF 

Firstly, the migration direction of a fluorescence-labeled antibody on the chip was confirmed under a DC voltage. 
The fluorescence-labeled antibody used in this experiment has a weak negative net-charge at a neutral pH range. The 
migration on the developed chip was compared with that on an agarose gel system. 

In the glass fiber sheet, the fluorescence-labeled antibody was migrated against the net charge (from anode to 
cathode, see Fig. 2). This result suggests that the EOF is predominantly strong in glass fiber sheet and the target 
molecules will be constantly carried towards the cathode, regardless of their net charge. 

In contrast, the fluorescence-labeled antibody was migrated from cathode to anode in agarose gel since the 
applied voltage dominantly promotes the negative net charge of the antibody towards the anode. This means that the 
migration direction/rate of the target molecules depends on the charge of the molecules. 
 
B/F separation with EOF 

Glass fiber sheet is bonded-fiber fabric. Inside the glass fiber sheet, there are glass fiber networks and a series of 
porous structures, on which surface a considerable amount of ionizable silanol groups present. By the application of 
an electric field, electrical double layers are generated on the fiber surfaces and induce EOF. Since the generated 
EOF dominates the direction of the antibody migration, the developed chip allows the sequential step of the B/F 
separation, that is, the labeled-antibody and the rinsing buffer sequentially migrate through the antigen-antibody 
complex on the beads and stain the beads depending on the antigen (insulin) concentration. As shown in the 
fluorescence images in Fig. 1, we observed the increase in the fluorescence intensity with the arrival of the labeled 
antibody at the well, and then the decrease in intensity due to the appropriate washing step by the rinsing buffer (B/F 
separation). 
 
 
 
 

Fig. 2 Series of microscopic images of a fluorescent-labeled antibody migration. Left: In agarose gel, electrophoresis
phenomenon is dominant. Right: In the glass fiber sheet, EOF became dominant and the antibody was flowed toward
the cathode. 
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Calibration curve of insulin 
Finally, we conducted the quantification of insulin concentration as a model sample with the developed chip to 

demonstrate B/F separation by the EOF generated in the glass fiber sheet. As shown in Fig. 3, we successfully 
obtained the calibration curve of the insulin concentration, which is applicable to determine the unknown sample 
down to 12.5 ng/mL.  

 
CONCLUSION 

In this study, we aimed at a POC device which needs no washing manipulations in the middle of heterogeneous 
immunoassay. The EOF generated in the glass fiber sheet enabled to flow the labeled antibody and the rinsing buffer 
sequentially, allowing a sufficient B/F separation. Also the system design confined the fluid within the chip, showing 
the potential for contamination-free assay. These characteristics of the chip, i. e. quantitative, rapid, low-cost and 
contamination-free, will give a great chance to assay various hazardous substance/viruses in food security and 
clinical diagnostics. 
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Fig. 3 Determination of the insulin (antigen) concentration by the developed chip. (a) Fluorescent microscopic
images of the observation spot after B/F separation. The fluorescent intensity increased with the insulin
concentration. (b) Calibration curve of the insulin concentration. The error bars reflect the standard deviation (n =
3). The concentration will be determined as low as 12.5 ng/mL.

(a)        (b) 
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ABSTRACT 
This paper presents a label-free and noninvasive cell-counting assay system for electrical diagnostic tests of 

Falciparum malaria using electric impedance spectroscopy (EIS). Our system enabled a high-throughput test in a 
compact form-factor by the integration of a microfluidic device and a custom circuit board. Based on the differentiation 
of dielectric properties between cells and container medium, the target cells were individually detected by surface 
charge density and disease state. [1] This method suggests a potential electrical diagnostic test for malaria in portable 
electronics. 
 
KEYWORDS 
Malaria, electric impedance, spectroscopy, label-free, diagnosis. 
 
INTRODUCTION

Malaria is an infectious disease of humans caused by Plasmodium parasites, with an estimation of 1,238,000 deaths 
in 2010. [2]. While five different species of Plasmodium can infect humans, P. falciparum causes the most severe 
forms of the disease being responsible for more than 90% of the deaths. [2] While P. falciparum develops in a host red 
blood cell (RBC), the RBC undergoes pathological modifications of its optical, mechanical, magnetic properties, and 
also the electrical property classified as electric impedance. [3-6]. Any of these changes may be utilized for possible 
malaria diagnosis. However, an effective diagnostic test requires high throughput due to the low parasitemia (the 
proportion of infected RBCs of malaria). [7] 

Electric impedance spectroscopy (EIS) is a technique to measure the electric impedance of biological cells under 
continuous flow condition, thus enables faster test compared to the trapped cell analysis that has limited detection 
throughput. [8] While RBCs insulate current flow at low frequency, high frequency AC current flows through the cell 
membrane and cytoplasm, so the electric impedance is affected by the intracellular change of RBCs. Thus, there was a 
report on the labeled detection of Babesia Bovis-infected bovine RBCs using EIS at 8.7-MHz. [9] However, the use of 
chemical label made it unclear whether the observed difference was resulted by the parasites or the chemical. For 
on-site diagnostics, direct and label-free detection by EIS would be highly desirable. 
 
EXPERIMENT 

Our proposed system, shown in Figure 1, consists of two parts: a microfabricated probe and a reader circuit board. 
The probe was designed to investigate tiny human RBCs, of which diameter is less than 10!m, by one at a time in a 
channel of 30!m x 5!m cross-sectional area and 20!m electrode spacing. The circuit board, shown and described in 
Figure 2, was connected to the probe and continuously measured the electric impedance at the microfluidic channel. 
This integrated single cell analysis system based on electric impedance is small and capable of high throughput up to 
500 cells per second, thus potentially capable of detecting low parasitemia samples. 

 
Figure 1. Proposed Microfluidic EIS system for malaria diagnosis. 

16th International Conference on 
Miniaturized Systems for Chemistry and Life Sciences 

October 28 - November 1, 2012, Okinawa, Japan978-0-9798064-5-2/μTAS 2012/$20©12CBMS-0001 1960



 
Figure 2. Custom circuit boards (a, left) and the controller block diagram (b, right). 

The miniaturized EIS system was first verified by polystyrene bead assays. Figure 3 shows that EIS at 50-kHz could 
clearly differentiate isometric polystyrene beads of different surface charge density. Plain polystyrene beads (! = 10-16 
S/m) in relatively conductive PBS solution (! = 1.2 S/m) impede electric current, thus generate positive peaks in the 
magnitude plot of impedance. However, carboxyl functionalized beads produce smaller peaks than the plain beads by a 
factor of 1.85, due to the surface conduction around the beads. The size dependency must be considered to clarify the 
effect of surface charge. By Maxwell’s approximation equation, 10% mismatch in the diameter of the beads can only 
contribute by a factor of 1.33. Therefore, the difference resulted from the attracted mobile charge near the surface of the 
carboxyl microbeads rather than from size mismatches. 

 
Figure 3. Microfluidic channel and electrode for EIS (a), visual differentiation of microbeads (b), 

 and EIS results of plain and carboxyl-functioned microbeads (c, d). 

Since parasitic proteins change the surface charge density of an infected RBC, it was also possible to differentiate a 
malaria-infected RBC from healthy RBCs without any chemical label attached (Figure 4). The separation at 50-kHz 
appeared at the late stage of malaria when the effect of parasitic proteins became considerable. However, the separation 
between live cells suffered overlaps between each disease stage group. The overlaps are natural considering that 
electric impedance of live cell is strongly affected by cell size as well as disease stage of which both are continuous and 
hardly controllable.  

To further investigate the intracellular change of infected RBCs for the early stage malaria detection, EIS test at a 
higher frequency was conducted. In Figure 5, EIS at 2-MHz could separate them by the impedance phase transition 
curves when a cell flow over the pair of electrodes. The selectivity on early stage malaria is expected to increase at 
even higher frequencies, as the intracellular resistance more contributes in the overall cell impedance at higher 
frequencies. These experimental results suggest the possible separation of early stage malaria and potential applications 
of EIS in diagnosis of malaria and other parasitic diseases. 
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Figure 4. EIS results at 50kHz in two different devices show separation of Schizont stage cells. 

 
Figure 5. Phase transition of impedance measured for a healthy RBC and an infected RBC at 2MHz EIS. 
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SMALL SAMPLE PROTEIN ANALYSIS BY WESTERN BLOTTING 
UTILIZING A COUPON-BASED MICROFLUIDIC DEVICE  

Sara Saedinia1, Kent Nastiuk2, John Krolewski2, G.P. Li1, Mark Bachman1 
1University of California, Irvine, 2University of Rochester Medical Center 

ABSTRACT 
We present a microfluidic strategy for performing complex microfluidic assays that require multiple operations. This 

approach utilizes low cost microfluidic paper coupons (“floupons”) that can be sandwiched in microfluidic cassettes, 

allowing for a variety of different assays to be designed and configured by matching floupons with fluidic manifolds. 
This approach provides a convenient way to perform assays that have multiple steps, relieving the need to design highly 
sophisticated devices that incorporate all functions in a single unit, while still achieving the benefits of small sample size, 
automation, and high speed operation. We explore the use of this approach in Western blotting, which is an important 
example of an assay that requires multiple operations and can benefits from miniaturization. 

KEYWORDS 
Protein analysis, western blotting, immunoblotting, SDS-PAGE, electrophoresis  

 
INTRODUCTION 

Western blotting, electrophoretic separation followed by immunoblotting, is a well-known technique for quantifying 
protein composition in a complex biological sample [1]. Not only this procedure is an important confirmatory method for 
identifying diseases such as HIV [2], but it also is a powerful technique capable of identifying protein expression of 
cancer cells in respected tumor samples, thus providing significant information for applications in personalized medicine 
[3]. However, there is a major sensitivity limitation in the current technology in detection of low abundant proteins which 
are often the most important information. In cases of small biopsy samples, protein analysis of only a few hundred cells 
may be required. 

Western blotting requires a number of steps including protein injection, separation, blotting, staining, rinsing, and 
imaging. The number of varied steps makes this a challenging assay to miniaturize into a single analysis unit. Excellent 
work has been done in this direction utilizing specially prepared gels [4, 5]. The most common way to ensure good 
separation in microfluidic electrophoresis is to utilize pinch injection to ensure a tight starting plug; however, this 
approach typically wastes over 80% of the sample which makes subsequent detection very challenging in small quantity 
analysis. For very small sample applications, an efficient injection schemes is needed. 

In this project, we propose a multi-slab microfluidic device to perform SDS-PAGE followed by immunoblotting 
using a small portable gel-based platform (floupon). The floupon approach allows the system to utilize different 
manipulation strategies at different points in the assay by moving the floupon carrier into different manifolds during 
different stages of the assay. Specifically, we employ one manifold for injection and separation, then a second manifold 
for blotting, staining and rinsing. The use of different manifolds allows for flexibility in assay design, specialized 
operations, and greater use of three dimensional space in the assay. We describe the system here and focus on the 
injection manifold, which allows for efficient injection and concentration of proteins into the floupon gel. 

 
EXPERIMENT 

The design of the floupon system utilizes a paper-based carrier (2.5 cm x 5 cm x 300 µm) that has small grooves cut 
into it (2 mm x 3 cm) using a laser cutter. The paper coupon is impregnated with polyacrylamide gel, forming small 
running lanes (2 mm x 3 cm x 300 µm) in the grooves where protein separation will occur. The coupons can be handled 
without damaging the gel, and they may be stored over time in a humid package. The gel-filled coupons are sandwiched 
between two plastic fluidic slabs designed to fit together into a single unit. These components form a temporary 3D 
fluidic system that allows a portion of the assay to be performed. For injection, the top and bottom manifolds are mated 
to provide a tiny fluidic path from the top of a coupon to the underside. The system is illustrated in Figure 1. 

Proteins are introduced into the top reservoir (which is filled with SDS buffer) then electromigrated through the gel 
towards the bottom outlet on the opposite side of the gel. Four electrodes are used, one at top, one at bottom (directly 
beneath), and two at the ends of the gel to produce a desired vertical electric field within the gel that will direct protein 
flow cleanly into the bottom outlet. To prevent proteins from leaving the gel, and to concentrate the proteins at a single 
point in the gel, a small membrane filter is incorporated into the bottom plastic manifold. This filter is composed of a 
track etched nano-pourus membrane (pore size 15 nm) which allows current to flow but provides a barrier to proteins 
which effectively build up on the surface. To focus the proteins into a small plug, the nanoporous membrane is coated 
with a polymer coating (photoresist, Shipley 1827) that is photolithographically patterned with a small opening (100 µm 
x 100 µm) at the center of the membrane. This forces all electric field lines to pass through a small region and effectively 
“pinches” the proteins into a small region. Proteins follow the field lines to build up at the surface—the entire process 
takes a few minutes. 

Following the initial injection, electric fields are applied at ends of the protein slab to produce a lateral electric field 
that runs along the length of the gel slab. This field moves the protein plug along the length of the gel, performing 
electrophoresis. When gel separation is completed, the manifolds are removed and the coupon is moved to new 
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manifolds which perform electroplotting onto a membrane, followed by immunostaining and wash. The use of different 

manifolds, each designed to mate with the coupon at different points in the assay, allows efficient design of fluidics for 

different tasks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (a) Schematic of pre-concentration/electrophoresis floupon system (b) A photograph of the electrophoresis 

apparatus (c) Schematic of the layers of pre-concentration/electrophoresis system. 

                   

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a) Image of tracked-etched membrane prior to patterning (b) Patterned membrane with Shipley resist coating 

(c) SEM image of patterned membrane where the openings are patterned using photolithography. (d) SEM image of one 

of the openings in the membrane (e) SEM image of the 15 nm pores inside the opening in the membrane  

 

To monitor the progression of protein at the injection reservoirs, several experiments were run at different times 

within 12 minutes after protein injection. Images of the protein in the gel were captured using Olympus IX71 inverted 

microscope which is equipped with TRITC filter. Alexa-fluor goat anti-rabbit 532 antibody (20 ng/µL) which was 

negatively charged and denatured using SDS solution was injected into the injection reservoir. Negative electric field was 

applied at injection and concentration sites while positive electrode was connected at the bottom reservoir (Figure 3a). 

After each experiment, the coupon was taken out of the apparatus and the gel was cut across the length to image the cross 

section view (Figure 3b), indicating the location of proteins during transit from top of the gel to the bottom. The 

efficiency of injection was calculated by collecting the sample left in the loading reservoir, blotting on a membrane and 

imaging the spot to measure the light intensity of the proteins left at the injection reservoir. Light intensities were 

compared with control protein light intensity. In all experiments efficiency was calculated to be over 80% after four 

minutes of injection. After injection of the proteins, the electrodes at the injection and concentration sites were removed 

and 335 V was then applied to the ends of the gel slab. After 3 minutes of running the gel, two alexa-fluor labeled 

proteins (immunoglobulin heavy and light chains, 22 and 55 kD molecular weight, respectively) were successfully 

separated (Figure 3c). The next step is the process of immunoblotting which takes place in a separate apparatus. 

   

RESULTS AND DISCUSSION 

We have found that we can efficiently inject and capture proteins in a sample by injecting vertically through a 

microslab of polyacrylamide gel, using microfluidic reservoirs, electric field shaping, and a micropatterned nanoporous 

membrane. Cross sectional images taken at different times during the injection indicate that proteins follow field lines 

and pinch the sample at the small openings of the membrane. This injection captures proteins at approximately 80% 

efficiency. The small injection plug allows for protein separation to be performed in a few minutes which was also 

demonstrated. This is enabled by the use of a microfluidic gel coupon which can be placed into a 3D system specifically 

designed for injection, and which can be moved to a second unit designed for blotting and immunostaining. The 

technique promises to allow Western blotting to be performed with small protein samples such as from cells taken from 

biopsies or tissue sections. 

(a) 

(b) (c) 

 1964



 
 

Figure 3: (a) Schematic Side view of pre-concentration apparatus. Photo- patterned membrane allows the concentration 
of proteins by trapping the proteins on the membrane while allowing electric field line to pass through goat anti-rabbit 
(c) Top view image of goat anti-rabbit Alexa flour 532 antibody after 3 minutes of separation into heavy and light chain.   
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ABSTRACT 
    In this study, a fully integrated and portable Rotary Genetic Analyzer has been developed to analyze the gene 
expression of influenza A v irus . The Rotary Genetic Analyzer is made up of four parts : a  disposable microchip, three 
thermal blocks for temperature control, a servo-motor for precise and high-rate spinning of the chip, and a 
miniaturized optical fluorescence detector. The microdevice was designed for performing microglass bead-based 
RNA template purification and then Rotary reverse transcriptase polymerase chain reaction (RT-PCR). Target gene 
amplification was real-time monitored using the integrated Rotary Genetic Analyzer system.  
 
KEYWORDS 
Genetic analysis, rotary RT-PCR, sample pretreatment, influenza A virus  

 
INTRODUCTION 

Early  diagnostics has emerged as a critical issue due to the variety of human epidemics or pandemics  such as 
influenza A virus, foot-and-mouth disease, and severe acute respiratory syndrome (SARS), which have threatened 
human being continuously throughout the world [1]. However, conventional methods for genetic analysis are not 
suitable for early d iagnostics because of time-consuming process, lack of portability, and use of expensive 
instrumentations and large volume of samples. To overcome the limitations, many researchers have investigated the 
fully integrated microsystem with ‘sample-in-answer-out’ capability fo r on-site detection [2]. Despite the excellent 
demonstration of the previous reports, the complicated design and fabrication of the integrated chip and the complex 
chip operation system still need to be resolved to improve the data reproducibility. To address this issue, we propose 
a novel fully integrated rotary genetic analysis system which employs a simple chip  design and enables automatic 
sample pretreatment and RT-PCR operation without need of an external pump for flu id control. Recently, our group 
reported a rotary reverse transcriptase polymerase chain reaction (RT-PCR) system and a rotary RNA sample 
pretreatment microdevice [3, 4]. Thus, we combined the two microsystem (rotary RT-PCR and rotary RNA 
purification) to realize  a fu ll integrated Rotary Genetic Analyzer in this study for on-site influenza A viruses 
detection with high speed. 

 
THEORY 

The integrated Rotary Genetic Analyzer is shown in Figure 1a. The Rotary Genetic Analyzer is made up of four 
parts including a disposable microchip (Figure 1b), three thermal b locks embedding in the rotary stage for 
temperature control (Figure 1c), a servo-motor for precise and high-rate spinning of the chip (Figure 1d), and a 
miniaturized optical fluorescence detector (Figure 1e). The RT-PCR microchip is placed on the custom-made rotary  
stage and fixed on the rotary axis at the center of the rotary stage. An in-house LabVIEW graphical interface 
(National Instruments, Austin, TX, USA) was used to automatically  control the rotation of the ch ip and the RT-PCR 
through DAQ boards. 

The chip was equipped with the sample, washing buffer and elution buffer reservoirs and the each reservoir was 
connected with the d ifferent dimension of the microchannels. Due to the hydrophobic surface and the different 
channel size, we could load the sample, washing buffer and elution buffer subsequently simply by changing the 
RPM. Burst RPMs of each channel are theoretically calculated by balancing the centrifugal pressure with the 
capillary pressure.  

  (Centrifugal pressure) 

 
(Capillary pressure)

 
EXPERIMENT 

Thermal blocks made of duralumin were used as a heater for thermal cycling. Thermal blo cks were equipped 
with a film heater and a resistance temperature detector (RTD). A RTD film (RdF Corporation, NH, USA) made of 
platinum was sandwiched with two metal b locks and the film-type heater (MINCOTM, MN, USA) was attached on 
the bottom of the thermal block (Figure 1f). The home-made thermal b locks were installed onto a recessed area on 
the top of the rotary stage which is made of Teflon due to the property of insulation and heat resistance , and the 
temperature of each block was corresponded to the thermal cycling temperature, namely 95 °C (denature), 58 °C 
(annealing), and 72 °C (extension). After installing the RT-PCR microchip, the upper Teflon cover which has a 
block-shaped hollow was moved downward to tightly seal the Rotary stage to prevent the  loss of heat and 
maintained the uniform temperature distribution on each heat block. 

A disposable RT-PCR microchip (50  20  1.125 mm) consists of a solid-phase extraction based sample 
pretreatment unit and 2 μL of the PCR chamber as shown Figure 2a. The microchip (1 mm th ickness) was fabricated 
using a patterned polycarbonate sheet by a CNC milling machine, which was bonded with a polycarbonate film (125 
μm thickness) by a thermal bonding method at 140° C with 1 MPa of pressure for 15 min  (Figure 2b). Microg lass 
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beads with 150~212 μm d iameter were introduced into the sample pretreatment chambers (500 μm depth) and held 

in place by a weir structure (100 μm depth) for constructing a solid-phase extraction system as shown in Figure 2c. 

The rotary hole of the microdevice was fitted into the shaft of the centrifugal system, and  the rotation speed was 

exactly controlled by the software. Since the channel width and depth connected to the sample reservoirs were 

different (580 μm (width)  500 μm (depth) for RNA solution, 250 μm  200 μm for washing solution, and 200 μm  

 50 μm for elution solution), the RNA solution, the washing buffer, and the elution buffer were sequentially in jected 

into the bead chamber by simply tuning the RPM. As an elution buffer, 2 μL of RT-PCR cocktail without RNA 

template was used. The purified RNA sample was moved to the PCR chamber with the RT-PCR cocktail, and then 

RT-PCR was performed  to amplify  the target gene which was monitored by an optical fluorescent detector above the 

extension block. 

 

 

Figure 1. a) Image of the fully integrated Rotary Genetic Analyzer b) A disposable plastic PCR microchip c) A 

Rotary stage d) A servo-motor e) A fluorescence detector f) A thermal block; top view (top), RTD(middle), film 

heater (bottom). 

 

 

Figure 2. a) Schematic illustration of a Rotary PCR microchip b) Thermal bonding of the microchip; two layers 

(a patterned polycarbonate (PC) layer and a PC film) c) Packed microglass beads in the sample pretreatment 

chamber and an optical image of the beads (scale bar: 100 μm). 

 

RES ULTS AND DISCUSS ION 

Figure 3a shows that three samples were subsequently loaded into the bead chamber from (i) to (iv): the 

influenza A H3N1 viral RNA sample (800 RPM for 10 sec), a washing buffer (1400 RPM for 30 sec), and PCR 

cocktail (3500 RPM for 30 sec). After loading the washing buffer, the residual solutions in the bead chamber and the 

microchannel were completely removed by increasing the RPM to 2000 RPM. Since the siphon structure is 

introduced to an elution channel, the elution solution could be moved to the bead chamber at higher 3500 RPM. In  

Figure 3b, the oil was in itially loaded to the PCR chamber (i), and the sample solution (ii) and the washing buffer 

(iii) moved to the waste chamber in a successive order. At this moment, the waste chamber was fully filled with the 

sample and washing solution. Finally, the PCR cocktail containing RNA sample was placed in the PCR chamber. 

The clear isolation of a PCR cocktail (a green solution) in the PCR chamber was shown in  Figure 3c. Due to the 

density difference, the PCR cocktail containing RNA templates was positioned at the bottom and the mineral o il was 

on the top that help to prevent evaporation of a PCR cocktail during RT-PCR process.  

To quantify the RNA purificat ion yield in the microbead chamber, we set up the calibration curve by using the 

serially diluted influenza A H3N2 v iral RNAs (Figure 4a), and performed  the RNA capture on the proposed 

microdevice. The M and H3 genes were successfully amplified from the extracted influenza A H3N2 RNA that was 

confirmed in the agarose gel electrophoresis (Figure 4b). The RT-PCR was performed on the Rotary Genetic 
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Analyzer, and the significant fluorescence intensity difference between 0 and 40 cycles was detected due to the 

produced amplicons (Figure 4c). The whole process of the sample pretreatment and RT-PCR could be accomplished 

in 30 min on the fu lly integrated Rotary Genetic Analyzer system.  

 

 

Figure 3. a) Flow control :i) RNA sample, a washing buffer, and an elution buffer in the reservoirs, ii) RNA 

sample loading at 800 RPM for 10 sec, iii) washing buffer loading at 1400 RPM for 30 sec, iv) PCR cocktail loading 

at 3500 RPM for 30 sec b) Isolation of the PCR cocktail containing target RNA: i) Oil loading to the PCR chamber, 

ii) 1
st

 waste from RNA solution loading to the waste chamber, iii) 2
nd

 waste from washing buffer loading, iv) PCR 

cocktail loading to the PCR chamber c) An optical image of an isolated solution in the waste and PCR chamber. 

 

 

Figure 4. a) Real-time PCR calibration curve for influenza A H3N2 virus detection. The used RNA copy number 

was from 1 copy to 10
8
 copy. (Inset: A linear regression of the cycle number versus the logarithm of copy number.)  b) 

Agaros gel electrophoresis image for detecting H and H3 gene amplicons c) Fluorescence signal of the PCR 

chamber at 0 cycle (top) and 40 cycle (bottom). 

 

CONCLUS ION 

We have demonstrated a fully integrated and portable Rotary Genetic Analyzer for detection of the gene 

expression of influenza A virus, which has ‘Sample -in -answer-out’ capability including sample pretreatment, rotary  

amplification, and optical detection. Target gene amplification was real-t ime monitored using the integrated Rotary 

Genetic Analyzer system. 
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Figure 1: Photographs of PMMA vrSPE microdevices. A) Close up of the weir, demonstrating the solid 
phase particles are being retained in the channel.  B) PMMA vrSPE device filled with green dye to represent 
the channel. Top: Side view. Bottom: Overhead view. Channel volume: 20 mm3. Dimensions: 1 cm x 100 µm 
x 200 µm. C) Photograph of a 4-channel device for the rapid processing of a single sample.  Channels filled 
with blue dye for visualization. 
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VOLUME-REDUCTION SOLID PHASE EXTRACTION ON A PLASTIC 
MICROFLUIDIC DEVICE FOR FORENSIC SAMPLE ANALYSIS 
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ABSTRACT 
Interfacing large volume samples (0.5 – 3 mL) with microfluidic devices is a significant obstacle for the 

processing of numerous forms of forensic casework biological evidence.  This includes biological fluids collected from 
surfaces, clothing and compromised samples e.g., those mixed with soil.  In addition, some samples are deliberately 
diluted, reducing the effect of inhibitors on the polymerase chain reaction (PCR) and subsequent short tandem repeat 
(STR) analysis for human identification [1].  The result, therefore, is a ‘low template’ sample, requiring purification and 

concentration of DNA to allow for successful STR PCR forensic analysis of biological evidence.  
 

KEYWORDS: Solid-phase extraction, Volume-reduction, PMMA microdevice 

INTRODUCTION 
Inefficient removal of PCR inhibitors, e.g., hemoglobin in whole blood, or insufficient concentration of the 

DNA from dilute samples will result in failed PCR amplification of STR fragments.  A high surface area solid phase is 
required to provide sufficient binding sites for both inhibitors and nucleic acids, which bind with equal affinity, for 
successful DNA purification.  Solid phase extraction (SPE) is preferred over other DNA extraction methods, due to the 
feasibility of integrating with downstream processes, e.g., PCR[2], reducing the introduction of contaminants.  Therefore, 
the creation of a disposable, inexpensive microfluidic device capable of accepting macro-sized volumes is the first step in 
a micro total analysis system for numerous sample types, especially within the forensic community.  

THEORY 
While the large silica-coated solid phase in volume reduction solid phase extraction (vrSPE) was designed to 

accept sample volumes 10-fold larger than traditional SPE devices [3, 4], these microdevices were fabricated in glass: an 
expensive, time-consuming process that utilizes hazardous chemicals (e.g., HF).  These issues can be circumvented by 
the use of microfluidic-friendly plastic substrates (i.e. - poly(methyl methacrylate); PMMA).  vrSPE microdevices were 
fabricated from PMMA using laser ablation to create the architecture, and the speed of ablation reduces the fabrication 
time by 8-fold, with cost potentially in the tens of cents per device.  

EXPERIMENTAL 
Standard vrSPE designs were fabricated in PMMA through laser ablation of the surface  to produce the desired 

features, including a 20 µm weir needed to contain the SPE particles in the channel (Fig. 1 A, B).  This was achieved by 
finely etching the PMMA surface, with 35% reduction in laser power for the weir compared to the channel. To seal the 
channels, a cover of 1.5 mm PMMA was thermally bonded using a high temperature/low pressure method[5] and a 
syringe connector affixed.  Initially, a small mass of 30 µm silica particles are introduced to form a barrier to retain the 8 
µm MagneSil™ particles which are used as the solid phase.  Samples were loaded, using a high salt buffer, onto the 
device through a syringe flowing at 15 µL/min for a single channel, the optimized flow rate for DNA binding.  The DNA 
was eluted in ten 5 µL fractions for DNA quantitation and STR-PCR analysis.  
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Figure 2: Bar graph comparing the amount of DNA collect 
per 5 µL fraction of pre-purified of hgDNA (500 µL of 100 
pg/µL) from vrSPE microdevices (n=3). Glass devices were 
made using standard etching techniques.  PMMA devices 
were fabricated using laser ablation. Glass extraction 
efficiency (EE%) 41.2±3.8.  PMMA EE% 45.7±4.9 

Figure 3: 4-plex vrSPE PMMA device. A) Photograph and AutoCAD® drawing of a four-channel multiplex vrSPE 
PMMA device.  Channels (A-D) were filled with different colored dyes to represent a separate sample processed. B) 
Full (16/16 loci) Identifier® STR profiles from simultaneous extraction of whole blood from 4 separate individuals, 
analyzed on the ABI PRISM 310 genetic analyzer. 

RESULTS AND DISCUSSION 
 

Initial experiments were performed to 
determine that the PMMA surface would not 
interfere with the DNA recovery following the 
extraction process.  Comparing single channel 
devices in both glass and PMMA showed no 
statistical difference in the amount of DNA 
recovered, confirming the PMMA surface was not 
retaining more DNA than glass and can be used as 
an acceptable alternative (Fig. 2). 

Therefore, single-sample multi-channel 
PMMA devices were designed and fabricated, and 
with a flow rate of 60 µL/min, a 4-fold increase in 
the volume of the sample that could be loaded into 
the device (from 500 µL to 2 mL), resulted.  
Conversely, if loading a 0.5 mL sample, there was 
a 4-fold reduction in the amount of time (from 
originally 33 minutes to ~8 minutes) required for 
sample load (Fig. 1C).   

A multi-sample multiplex vrSPE chip 
containing four purification channels was 
fabricated to increase the number of samples 
processed simultaneously.   
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Figure 4: Bar graph demonstrating the effect on extraction efficiency after up to 30 days post packing of 
the solid phase with 500 uL of 100 pg/µL hgDNA.  Data points with * (n=3); those without (n=1). 

A simultaneous tetraplex extraction of four whole blood samples from four different individuals was successful 
with a full STR profile generated for each person (16/16 loci present) (Fig. 3).  The alleles (peaks) associated with STR 
loci are inherited from an individual's parents and, therefore when considered together, are unique to that individual.  The 
full STR profiles show no evidence of cross-contamination (extraneous peaks within the profile), indicating that the 
individual samples are fluidically sealed and completely isolated from each other.  Furthermore, this also demonstrates 
that the PMMA surface is not leaching any PCR inhibitors into the purified DNA, confirming the PMMA surface is a 
suitable substrate for SPE.  

Each of these devices (for rapid single sample purification or mutli-sample simultaneous extraction) provided a 
significant improvement in either analysis time (4-fold reduction) or throughput compared to traditional glass vrSPE 
devices previously reported [2].  In addition, application of these devices is enhanced by the ability to pre-pack them with 
the solid phase and store in extraction buffer until used in the field.  This is achieved using screws to seal the inlet ports 
and PCR compatible adhesive to seal the outlet, keeping the solid phase packed and protecting the bed from evaporation 
until use.  For these experiments, single channel devices were packed with solid phase, sealed as described above, and 
left at room temperature for up to 25 days.  Current studies have shown that the extraction is unaffected by storage of up 
to 25 days (Fig. 4).   Longer storage times are currently under investigation. 

CONCLUSIONS 
PMMA-vrSPE introduces multiplexed disposable plastic microdevices for DNA purification from dilute 

biological evidence collected in forensic investigations.  Developments include rapid sample loading times, up to 60 
µL/min (four times faster than previously reported) and the ability to analyze multiple samples simultaneously, avoiding 
cross-sample contamination.  This work is a step towards the use of a micro-total analysis system for forensic genetic 
analysis, either in the field or as a small bench-top device within forensic laboratories. 
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INTEGRATED POLYMERIC LIGHT EMITTER FOR DISPOSABLE 
PHOTONIC LAB ON CHIP SYSTEMS 

E. Carregal-Romero1, B. Ibarlucea1, S. Demming2, S. Büttgenbach2, C. Fernández-Sánchez1 and A. 
Llobera1

1Instituto de Microelectrónica de Barcelona (CSIC), Spain, 2Technische Universitat Braunschweig, Germany. 

ABSTRACT 
    This work presents the monolithic integration of a fluorophore-doped hybrid xerogel polymeric light emitter 
and a multiple internal reflection configuration (MIR) optofluidic system in a photonic lab on a chip (PhLoC). Two 
different air mirrors at both sides of the emitter were implemented that improves light coupling into the MIR system. 
The MIR inner walls were bio-functionalized with a peroxidase enzyme in order to develop a PhLoC analytical 
system for hydrogen peroxide model target analyte. Absorbance detection of the corresponding enzyme reaction was 
successfully carried out. The mean sensitivity and limit of detection were calculated to be 0.0119 A.U.µM–1 and 0.73 
µM for H2O2, respectively. 
 
KEYWORDS 

Integrated solid-state emitter, fluorophore-doped xerogel, biofunctionalization, absorbance detection.  
 

INTRODUCTION
Heterogeneous integration of several optical/microfluidic components has already been demonstrated [1]. 

Nevertheless, despite their performance, they generally require accurate alignment between the different elements 
(filters, detectors and light emitters, mainly), which limit their portability, and increase their cost. Optimal 
configuration would be to have the light source integrated in the photonic system while holding the cost issues and 
alignment requirements at a minimum level. Previous works have shown the monolithic integration of liquid-state 
emitters [2], which, although effective, lack of mechanical robustness thus limiting its applicability.  

When related to microfluidics, the most commonly used polymer is poly(dimethylsiloxane) (PDMS). Although 
optimal for prototyping, this material has high non-specific absorption, which is a severe drawback for biosensing 
applications. To this effect, a specific functionalization protocol has been applied so as to provide the PDMS with the 
require selectivity with the main premise of being completely compatible with the definition of both the emitter and 
the optofluidic system. This ambitious development has been addressed in the presented PhLoC with the integration 
of a fluorophore-based solid-state light emitter and the bio-functionalization of the PDMS for selective detection. 

 
DESIGN 

The disposable PhLoC that includes integrated polymeric emitter is illustrated in Fig. 1 (a). It integrates in the 
same structure the emitter structure and a multiple internal reflection (MIR) optofluidic system, which has already 
been reported by the group [3]. The integrated emitter architecture is composed of a pear-shaped reservoir (230 µm 
high) connected to fluidic inlet/outlet ports. Identical in behaviour than other fluorophore-based light sources, when 
externally excited, light from these structures is emitted in 4π Sr. Therefore, only a small fraction of the emission 
wavelength may be coupled to the MIR. To address this issue, two teeth-shaped air mirrors have been implemented 
at both sides of the emitter. Such air mirrors where described in [4] and are based on total internal reflection 
principles. Here, considering the refractive indices of PDMS (n=1.41) and air (n=1.00), if the light falls on this air 
mirror at an angle higher than 45º, it undergoes total internal reflection. Lower angles are able to transmit through 

 
 

 
 
 

Figure 1: (a) Picture of the light emitter integrated on a PDMS-based multiple internal reflection device (see Ref. [3]
for more details about this microoptic system). A 1 cent euro coin is shown as size reference (b) Design of the 
emitter; blue lines illustrate the working principle of the air mirrors. 
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this air mirror according to the Fresnel laws. At this point, light reaches the teeth-shaped mirror, which consists in 
two coupled air mirrors. Each part of the teeth works jointly, as they are able to reflect angles smaller than 45º. In 
this case, the first part of the teeth air mirror is tilted so as to ensure total internal reflection (TIR) at the light 
incidence point. The second part of the teeth has a double role. From one side, it also matches with the TIR 
conditions. From the other side, it is tilted in such a way that redirects the reflected light beam towards the MIR. 
Working jointly both the simple and the teeth-shaped air mirror assures an enhancement of the light coupled into the 
optofluidical system (Fig. 1(b)). 

 
EXPERIMENT 

The fabrication of the final device consisted in two different steps: fabrication of the PhLoC by microfabrication 
techniques and the synthesis of the light emitting polymer by the sol-gel method [5]. The PDMS/glass PhLoC was 
fabricated by soft lithography [6] following the protocol reported in ref 3. In general terms, the PDMS top part with 
the microfluidic channels and micro-optic elements defined was fabricated by standard master-replica molding [6], 
bonded to a glass substrate (by exposition to oxygen plasma, TePla plasma processor) and filled with the 
fluoropohore-doped prepolymeric solution by an adaptation of the micromolding in capillaries soft-lithographic 
technique [6]. Here, the fluidic ports included in the emitter structure were opened and it was filled with the sol 
prepolymeric solution. Filling was achieved by capillary forces, thus avoiding the use of external pumps. The 
material had been previously synthesized by vigorously mixing 500 µl of  phenyltrimethoxysilane (PhTMOS) 
(Sigma-Aldrich Co., St Louis, MO, USA) monomer with 300 µl of a pH 3(adjusted with diluted HCl)  Atto 390 
(Atto-Tec GmbH, Siegen, Germany) 500 µM H2O: DMSO 5:1 (v/v) solution. Once the emitter microstructure was 
filled, the device was shielded from light and left undisturbed to cure and dry at room temperature. Hydrolisis and 
polycondensation reactions crosslinked the sol into a polymeric matrix and Atto dye was trapped inside this network. 
At this point the PhLoC was ready to deal with the enzyme immobilization step.  

A previously published protocol for protein immobilization in poly(dimethylsiloxane) (PDMS) microchannels 
was followed [7].  It consists in polyvinyl alcohol (PVA) adsorption and further silanization with 11-triethoxysylyl 
undecanal (TESU), which contains and aldehyde group that can be used as anchoring point for proteins. Horseradish 
peroxidase enzyme was immobilized and used as recognition element for the development of a biosensor approach 
for hydrogen peroxide (H2O2) in a concentration range from 1.4 µM to 22 µM in presence of 5 mM 
2,2’azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS). For the biosensor approach reproducibility was tested 
by the calibration of three different biofunctionalized devices in consecutive days.   

The setup for absorbance measurements is described below. A light emitted from a blue laser (405 nm, Laser 
module NANO 250-532-100, Linos Photonics, Germany) was coupled into a multimode 230 µm fiber optic 
(Thorlabs Inc., Dachau, Germany), which was positioned at the maximum emission region with the help of 
micropositioners in a 90º out-of-plane configuration at a working distance of approximately 3 mm.  Fluorescence 
emitted from the Atto dye entrapped in the solid-state polymeric matrix entered in the interrogation region 
interacting with the solution containing the analyte. The readout comprised an identical fiber optic which was 
inserted into the output self-alignment channel at the end of the MIR system, and connected to a microspectrometer 
(QE 65000-FL, Ocean Optics, Dunedin, FL, USA).  

 
RESULTS AND DISCUSSION 

Atto 390 was selected because of its high molecular absorption (24.000 cm-1 M-1) and quantum yield (0.90) as 
well as a large Stokes shift (λabs= 390 nm, λfl= 479 nm, in water). It is slightly hydrophilic, and solubility in polar 
solvents such as DMF or DMSO is high. High solubility was important to ensure compatibility with different 
chemical environments, crucial to obtain the homogeneous dispersion of the fluorophore molecules into the 
polymeric material shown in the solid-state emitter of the Fig. 1(a). 

The absorbance value at 435 nm was chosen for the detection of H2O2 based on the colored conversion of ABTS 
mediator that takes placed during the peroxidase enzymatic reaction (see Fig. 2). 

                                                                                                                                                                                                                                                                                                                                                                         

 
Figure 2: (a) Emission spectrum of the integrated emitter collected at the end of interrogation region channel 
(integration time 400 ms) (b) Absorption spectra of ABTS in absence of H2O2 and of the ABTS oxidized form in the 
presence of 10-2 mM H2O2. 
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The calibration curves presented in Fig. 3 showed a linear increase in the absorbance at 435 nm from 1.4 M up to 
8.2 M, which is similar to the one observed using the same functionalization process for the same enzyme and analyte 
in a previous PhLoC [7]. A linear fitting was carried out in this range and the analytical parameters were calculated 
(Table 1). The limit of detection was around 20-fold lower than that of other previously reported optical biosensors for 
H2O2 [8-9].  

 
 

Figure 3: Absorbance as a function of H2O2 concentration measured at 435 nm. 
 

Table 1: Analytical data extracted from the H2O2 calibration curves carried out with the presented PhLoC. 
 
 

 
 
 
 
 
 
 

CONCLUSIONS 
We demonstrate the easy integration and successful performance of a xerogel polymeric light emitter in a PhLoC that 
also included auxiliary microoptical elements, such as air mirrors, and an optofluidic component, which was 
bio-functionalized for the selective detection of a model target analyte. Despite its high level of integration, the 
resulting photonic approach can be fabricated at low cost since the fabrication only requires one technological step. 
These results show the potential of the presented contribution for the development of disposable photonic TAS. 
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AN ACCELERATED, ACTIVELY MIXED, REUSABLE  
DYNAMIC ARRAYTM FOR FLUIDIGM BIOMARKTM AND EP1TM SYSTEMS 

Jing Wang, Tim Woudenberg, Robert Jones, Marc Unger 
Fluidigm Corporation, United States 

ABSTRACT
We present here a reusable microfluidic device for high throughput polymerase chain reaction (PCR) with an 

accelerated workflow.   
By dilation pumping, the array can be cleaned with washing buffer after each use.  The washing buffer is replaced 

with DNA free water by the same means before an overnight bake-dry step.  Arrays have been used up to 15 times. 
To accelerate the mixing speed, the chips use active mixings.  After sample and assay were loaded, the active valve 

was pushed and released alternatively with a frequency of 0.2Hz.  The mixing speed, therefore, was dramatically 
accelerated from 70min to 12 min. 

KEYWORDS
Accelerated, active mixing, reuse, High throughput, dynamic array, real-time PCR, Genotyping.  

INTRODUCTION 
Fluidigm has previously demonstrated integrated fluidic circuits (IFCs) arrays with thousands of reaction chambers, 

which can be loaded within an IFC controller in about two hours.  The arrays are then transferred to Fluidigm 
BioMarkTM or EP1TM system for thermal cycling for 1.5 hours.  The real-time or end-point fluorescence readings are 
then recorded for data analysis.   

The IFCs described here greatly shorten the loading and PCR cycling time, and cut down the operation cost by 
allowing multiple uses of consumables.  These combined characteristics dramatically reduce the cost per data point for 
researchers pursuing higher sample throughput.  

EXPERIMENT 
The microfluidic chip was built by a typical Multilayer Soft Lithography (MSL) processing.  Two negative 

structured molds were first constructed with positive and negative photo resists on Silicon wafer substrates.  Then the 
structures were transferred to a spin coated PDMS control layer and a cast PDMS reaction layer.  The thicknesses of 
control layer and reaction layer were 20 μm and 4 mm, respectively.  The two layers were then aligned and bonded 
together after oxygen plasma treatment.  The channels at different layers were connected by laser punched vias.  A 
detailed description of chip fabrication can be found in reference. [1] 

The real-time PCR and genotyping assays contain both forward and reverse primers and FAM and VIC dye labeled 
cleavage probes (TaqMan probes, Applied Biosystems). 

Figure 1. The 3D view of 4 unit cell structures 

A 3D CAD drawing of unit cell is shown in Figure 1, where an active mixing valve was put under the assay chamber.  
In this 4,608 reactor design, the reaction and assay chambers are connected with a long (200um), narrow (80um) and 
shallow (8um) channel.  After sample and assay were loaded, the active valve was pushed and released alternatively.  
The mixing efficiency, therefore, was dramatically accelerated due to Taylor dispersion. [2]   

Figure 2 illustrates the mixing efficiency changes along the mixing time for active mixing and diffusion mixing with 
the same array design.  The mixing time at 90% level was observed to be 12 minutes for active mixing strategy; the 
mixing time for diffusion mixing alone was 70 minutes, which is consistent to the estimations. [3]   
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Figure 2.  Mixing efficiency changes versus mixing time 

 
The IFC arrays were designed to be washable.  As shown in Figure 3(a), there are two dilation pump valves 

guarding upstream and downstream of sample lines.  During a charging step, the upstream valve was open while 
downstream valve was closed.  The washing buffer was loaded into elastomer array with expanded volume.  Then both 
valves were closed to assure an even pressure distribution, as shown in Figure 3(b).  Next, as in Figure 3(c), the 
upstream valve kept closed and the downstream valve was opened so the washing buffer could be released from the chip.  
Thereafter, both valves were closed, as shown in Figure 3(d), ready for a new cycle.  By dilation pumping, the used 
array can be cleaned with washing buffer.  The washing buffer can be washed away before an overnight bake-dry step.   
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Figure 3. Illustration of washing IFC 
 
To verify the chip performances after recovery, real-time PCR was used to check the possible presence of amplicon 

from the previous reaction.  The PCR Ct heat maps in two sequential chip runs are shown in Figure 4.  The positive 
and negative reaction cocktails were alternatively loaded to detect any copies as target left behind.  Although PCR in 
nano volumes reliably amplifies even a single copy of template, our observed rate of false positives was less than 0.025%, 
demonstrating complete removal of amplicon from the previous reactions.  These arrays, hosting 48 samples by 48 
assays, have been used up to 15 times. 

Figure 5 shows the SNP Genotyping clusters from an accelerated, reusable array.  This prototype array runs 192 
samples and 24 assays.  Observed call rates are >99% and accuracies are >99.75%.  The accelerated workflow delivers 
4,608 SNP data from sample to answer in one hour, which includes half hour sample loading and half hour thermal 
cycling. 

 

 1976



 
Figure 4. Two real-time PCR Ct heat maps in continuous use of same reusable array. In the following cycling, the 

right half of chip, which was loaded with positive reactions, has shown successfully recovered from previous use.  And 
the left half of chip, which was loaded negative reactions, has demonstrated no amplicon carryover from previous chip 
run.  

 

 
Figure 5.  SNP Genotyping allele clusters from an accelerated, reusable IFC 
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Seamless Multi-fluorescence Labeling in a Microfluidic Disk via
Deterministic Vent Valves

Chen-Lin Chen, Cheng-Wei Yang, Wei-Hao Lian and Andrew M. Wo*
Institute of Applied Mechanics, National Taiwan University, Taipei, Taiwan

ABSTRACT
For cellular diagnostic applications, multi-fluorescence labeling is often required. Traditionally, the protocol of

repeatedly incubation, washing and removal liquid, is manual and tedious. We present a new microfluidic device
with vent valves to allow precise timing in liquid delivery and demonstrated the multi-fluorescent labeling process
on the disk via the operation of a vent control plate (VCP). The multi-fluorescent labeling process is repeated by
sequential operation of the VCP via fixed interval rotation. The operation of the vent valve is simple and fast.
Multi-fluorescence labeling processes are easy to carry out on the disk. To prove of concept, MCF7 labeled with
magnetic beads were trapped on the disk first and we performed anti CK-FITC and Hoechst 33342 staining
seamlessly on-disk. The valve and the disk would be applicable to rare cell detection, such as CTC detection.

KEYWORDS
Disk, fluoresscence labeling, vent valve.

INTRODUCTION
Detection and quantification of target cells in blood is important clinically. For example, the quantity of

circulating tumor cells (CTCs) in the peripheral blood might be useful to predict metastasis, forecast disease stage,
and monitor the response of adjuvant therapy1. For enumeration of target cells, multiple labeling processes were
often required for analysis in cellular studies. Traditionally, the protocol of repeatedly incubation, washing and
removal liquid on a tube is manual and tedious. Disk-based design constitutes another class of microfluidic device
for biomedical studies which leverages the centrifugal force directly for fluid handling and requires no external
interconnects to induce fluid movement. This allows the compact fluidic network to be contained within a single
disk2,3. Excellent reviews on their recent development for DNA assay and immunological protein studies have been
published2. However, most of valves on disk are passive valves, such as capillary valve or hydrophobic valve. The
fabrications of these disks are complex due to require ultra-precise structures or local surface
modifications. Beside, the operation results depend on fluid characteristics, surface properties and
channels dimensions. This work presents an innovative active vent valve to enable easy to use and
fabricate. We also demonstrated a centrifugal microfluidic disk to perform fluorescence labeling of
cells seamlessly on-disk via vent valves and a vent control plate (VCP), designed to allow precise
timing of liquid delivery during the multiple label/wash processes.

EXPERIMENT
The physical principle of vent valves to control liquid delivery is shown in Fig. 1 (a). A vent control plate (VCP)

is used to operate vents to open or close on the disk. Fig. 1 (b) shows the vent valve is opened just when the VCP
hole is aligned in this vent, and the other valves are still closed. The sequential transfer of liquid from one reservoir
to another is performed by adjusting the rotational angle of the VCP. The vent valve is active valve, and the
advantages of the proposed valve include simple to operate and easy to fabricate.

Fig. 2 illustrates the microfluidic processes of enriching target cells and labeling fluorescence. Target cells labeled
with immuno-magnetic beads and loaded into the disk. After disk spinning, the magnetically-labeled target cells are
trapped in the capturing reservoir by magnets, as shown in Fig 2 (a). After target cells captured, the steps of
fluorescent staining are executed. The steps include: incubation (Fig 2 (b)) and washing (Fig 2 (c)). To stain
fluorescence, opening Valve 1 and spinning disk, the fluorescent antibody are moved from Reagent Reservoir 1 to
the capturing reservoir and held here since the amount of liquid is not enough to pass the crest point of the siphon
structure. To wash cells, opening Valve 2 and spinning disk, the buffer in Reagent Reservoir 2 is pushed to the
capturing reservoir and propels the prior liquid over the crest point of the siphon structure. With this difference in
radial position, the liquid in the capturing reservoir is removed. The multi-fluorescent labeling process is repeated by
sequential operation of the VCP via fixed interval rotation.

Fig. 3 shows the photos of multi-fluorescence labeling process. Blue and red buffer were loaded into the reagent
reservoirs and the VCP was put on the disk (Fig 3(a)). Fig 3 (b)-(g) show the processes for keeping and removing
buffer in the reservoir are repeatedly by sequential operation of the VCP. The method could reduce complex sample
transfer and manual operation. To compare with perfusion system, large reagent consumption could be avoided.

Fig. 4 shows the performance with fluorescent labeling on target cells. MCF7 cells were labeled by
anti-EpCAM-PE and anti-PE magnetic beads and then trapped on the top surface of the capturing reservoir (Fig 4(a)).
Anti CK-FITC and Hoechst 33342 was used to label MCF7. Fig 4(b) and (e) showed the results. The cell loss after
fluorescent staining is around 5~10%. The valve and the disk would be applicable to rare cell detection, such as CTC
detection.

CONCLUSION
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The disk device presents multi-fluorescence labeling processes on disk. The total process decreases multiple
manual preparatory steps. This disk would also be applicable to many rare cell detection scenarios with distinct
immunological features, such as stem cell detection and prenatal diagnosis.

(a) (b)

Figure 1:Schematic diagram of vent valve’s principle and operation. (a) When the vent is closed, the generated air 
counter-pressure reachs the equilibrium with the centrifugally generated pressure (ΔPc) in the liquid, effectively 
stopping. In constrant, the liquid could flow into outer reservoir by centrifugally generated pumping pressure while
the vent is open. (b) A vent control plate (VCP) is applied to operate vents to open or close.

(a)

(b)

Figure 2. (a) The magnetically-labeled target cells are
trapped on the top surface of the capturing reservoir by
the magnet array when flow passes across. (b) A batch
process is used to stain fluorescent antibodies. The
steps include: Incubation and washing. A siphon
structure combined with air vent valve are designed to
hold and remove liquid in capture reservoir. The
fluorescent labeling process is repeated by sequential
operation of the VCP via fixed interval rotation.

Figure 3. Photo of multi-fluorescence labeling
process.

capture

(b) (c) (d)

(e) (f) (g)
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Figure 4 Fluorescence images of captured MCF7 cells stained with anti-CK-FITC and Hoechst 33342 on the disk.
(a) MCF7 cells were stained by anti-EpCAM-PE and anti-PE magnetic beads and captured on the disk. (b) and (c)
These two images show MCF7 cells labeled with anti-CK-FITC and Hoechst 33342 after performing the
multi-fluorescence labeling process, and (d) Merged image from (b) and (d).
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SLIDABLE AND VALVELESS POLYMERASE CHAIN REACTION–CAPILLARY 
ELECTROPHORESIS MICRODEVICE FOR PATHOGEN DETECTION

Yong Tae Kim, Jong Young Choi, Yuchao Chen, and Tae Seok Seo*
Department of Chemical and Biomolecular Engineering, Korea Advanced Institute of Science and Technology 

(KAIST), 291 Daehak-ro, Yuseong-gu, Daejeon 305-701, KOREA

ABSTRACT
In this experiment, we developed a novel integrated microdevice which could perform the sample loading, polymerase 

chain reaction (PCR), capillary electrophoresis (CE) without any microvalves or an external pump system. Microfabricated 
movable slide, called a slidable chamber, was switched from the sample loading to PCR amplification to CE separation. The 
movement of the slidable chamber was simply operated manually, and the leakage of the PCR cocktail could be minimized by 
the surface treatment on  a chip. With a miniaturized portable genetic analyzing system, we successfully identified Staphylo-
coccus aureus (S. aureus) on the slidable PCR-CE microdevice.

KEYWORDS: valveless microdevice, polymerase chain reaction, capillary electrophoresis, pathogen detection

INTRODUCTION
The integrated polymerase chain reaction-capillary electrophoresis (PCR-CE) microsystem has brought a revolution to the 

pathogen/infectious disease detection due to its portability, rapid analysis and low sample consumption [1]. However, the fab-
rication process and valve control of the integrated chip were complicated, and a bunch of tubing connection inevitably make 
the chip operation complex, resulting in exacerbating the data reproducibility. To overcome such limitations, here we devel-
oped a novel slidable and valveless PCR-CE microdevice by designing a separate movable PCR chamber that can be manual-
ly switched from the sample injection to PCR amplification to CE separation unit subsequently .

EXPERIMENTAL
The slidable PCR-CE microdevice consists of three layers: a 4-inch resistance temperature detector (RTD) fabricated 

glass wafer, a microchannel patterned glass wafer containing a sample loading and CE microchannel, and a 10×10 mm glass 
wafer that was etched in the center to form a PCR microchamber (1 µL) which is called a slidable chamber. The sample injec-
tion part and the sample loading channel in the CE were disconnected initially, but the disconnected microchannel could be 
linked when the slidable chamber was placed on the right position. Schematics of the assembled microdevice and each layer 
are shown in Figure 1.

The operational process for the PCR cocktail loading, PCR amplification, and CE is shown in Figure 2. Prior to the 
slidable chip operation, the channel wafer and slidable chamber were treated with decyltricholorosilane to prevent non-
specific adsorption of DNA on the glass wafer. The slidable chamber was installed on the channel wafer with the sample-
injection region connected (Figure 2A). Upon loading a PCR cocktail targeting protein A (101 bp) gene of S. aureus at the 
sample inlet, the PCR cocktail was injected into the slidable PCR chamber by suction at the waste outlet. After injection of the 
PCR cocktail, mineral oil was dispensed around the slidable chamber to form an oil layer between the channel wafer and a
slidable chamber which helped to prevent evaporation of a PCR cocktail during the movement and PCR thermal cycling. The 
slidable chamber was moved to the PCR unit where the RTD was positioned close to the PCR chamber (Figure 2B). Using a 
cooling fan and an external film heater that was attached on the bottom of the RTD wafer, fast thermal cycling was performed 
to amplify the target gene. Due to the oil layer, the slidable chamber was fixed steadily during the PCR. After PCR amplifica-
tion, the slidable PCR chamber was moved to the CE region (Figure 2C) with the sample injection channel connected. Typical 
micro-CE operation consisting of the sample loading, backbiasing, and the separation was conducted to detect the resultant 
PCR amplicons. The fluorescence signal in the slidable chamber was checked at each step by using a confocal scanning laser 
microscope, and the equivalent fluorescent intensity was maintained, meaning there is no significant loss in the sliding process.

Figure 3 shows the portable PCR-CE genetic analyzer that is composed of the miniaturized chip operation hardware, a
four-color portable fluorescence detector and a laptop computer. The miniaturized chip operation hardware (dimension of 24 
× 21 × 10 cm) was equipped with a cooling fan for PCR thermal cycling, an electronic control board (PCE-e, Nanoscope Sys-
tems Inc., Korea), high-voltage power supplies (AA12-P4, Ultravolt, USA) for CE, a pneumatic pump (60615, Thomas, 
USA) and solenoid valves (GV010E1, KOGANEI, Japan) (Figure 3B). The miniaturized hardware communicates with PC 
with the RS-232 protocol and the command from PC is received and calculated by the FPGA based control board. Figure 3C
shows the schematic diagram of the portable fluorescence detector. The collimated beam produced from a fiber-coupled diode 
laser (FiberTEC 488TM , Blue Sky Research) is reflected by a dichroic beam splitter (488nm BrightLine, Semrock) to an ob-
jective (UPLFLN 20X, Olympus) and focused on the channel of the microdevice. The fluorescent signal is collected by the 
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same objective and passes through the dichroic beam splitter into a diffraction grating (600 lpmm, Wasatch Photonics). The 
fluorescence signals are collected at 8 kHz sampling rate by the DAQ board (National Instrument) and displayed as an aver-
age value of 200 samples for noise suppression. 
 

 
Figure 1. (A) Schematics of each layer (a RTD wafer, a channel wafer, and a slidable PCR chamber) for the 
integratedslidable PCR-CE microdevice. (B) The assembled structure and (C) photograph of the slidable PCR-CE micro-
chip.  

 

 
Figure 2.Operation process for (A) sample loading, (B) PCR amplification, and (C) CE separation on the slidable PCR-CE 
chip and (right panel) the fluorescence image of the slidable chamber at each step. 
 
RESULTS AND DISCUSSION 
 

We performed pathogen detection targeting protein A gene of S. aureus as a model to evaluate the high-performance of 
the slidable PCR-CE on the portable system. A PCR cocktail was injected into the slidable PCR chamber from the sample in-
let to the waste outlet without bubble problem in the chamber, and the PCR thermal cycling was executed for 80 min in the 
PCR region with the portable genetic analyzer system. After thermal cycling, the slidable chamber was placed in the CE part, 
and the resultant amplicons were separated in 6-cm CE channel. The CE separation was completed in 5 min and the fluores-
cence signal was detected at the end of the CE channel. As shown in Figure 4, the target gene (101 bp) was clearly observed 
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in the electropherogram without any side-product peak. We performed the limit of detection experiment on the slidable PCR-
CE microdevice, and found that 10 pg of DNA template was necessary to identify the pathogen in the proposed portable ge-
netic analyzer system. 

 

 
Figure 3. (A) Photograph of a portable PCR-CE genetic analyzer system. (B) Scheme of the portable chip operation hard-
ware.(C) Scheme of the portable fluorescence detector. 

 

 
Figure 4. Detection limit of the slidable PCR-CE microdevice to identify S. aureus. The amount of the used template was (A) 
10 ng, (B) 1 ng, (C) 100 pg, and (D) 10 pg. 
 
CONCLUSION 

An integrated valveless slidable PCR-CE microdevice has been developed for pathogen detection. The slidable PCR-CE 
reaction was completed in 85 min on a portable genetic analyser microsystem. The proposed integrated microdevice enables 
us to perform genetic analysis without any external valve or pump system that greatly simplified the chip fabrication and chip 
operation process compared with the conventional PCR-CE device. 
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ABSTRACT
We for the first time report the development of a DNA detection method which can quantify zept-mole level DNA 

by combination of Thermal Lens Microscope (TLM) and Rolling Circle Amplification (RCA). In this method, the 
target DNA is extended by RCA, and then the RCA products are detected by TLM, making use of high selectivity of 
RCA and high sensitivity of TLM. This method is more highly specific than PCR and the detection limit is 22 zeptmol. 
This study is contributable to cancer diagnosis and detection of viruses.

KEYWORDS: DNA, diagnostic, RCA, clinical use

INTRODUCTION
Recently, the quantification of DNA on zeptmole order has been widely required in the field of cancer diagnosis, 

study of viruses, etc. To meet this requirement, Rolling Circle Amplification (RCA) has been widely studied [1]. In 
RCA, the specific DNA strand is amplified and become a long strand. By being hybridized with fluorescent 
complementary DNA, the original DNA is detected as a fluorescent dot (Figure 1 top). This method has higher 
selectivity than PCR and distinguishes the single nucleotide difference. However, quantitative detection on zeptmole 
order has been difficult because the number of detected dots has no repeatability and relies on the threshold between 
noises and signals. On the other hand, we have previously developed a method of quantitative detection of 
non-fluorescent molecules by utilizing light absorption and thermal relaxation of the target molecule, which is called 
thermal lens microscopy (TLM) [2]. TLM is effective in concentration determination of liquid sample. Following this, 
the idea of this study is to quantify RCA products by TLM in liquid phase. However, the quantitative detection of RCA 
is difficult because the RCA products do not adsorb the visible light. Therefore, the challenge is to convert the RCA 
products into another chemical which has visible light absorption so that the concentration can be determined by TLM.

The objective of this study is to realize the chemical conversion process and to obtain the quantitativity of the 
zeptmole-order DNA with high selectivity.

THEORY
Rolling Circle Amplification is an isothermal method of extending the DNA. RCA starts when the target DNA is 

caught by the padlock probe hybridized with the primer. Then, the edges of padlock probes are ligated by ligase and the 
padlock probe becomes a circle template. Subsequently, the primer is extended by polymerase and becomes the long 
single strand DNA with repeated gene arrangement (RCA product, Figure 1 left). As the conventional method, the 
complimentary DNA with fluorescent dye is hybridized to the RCA products and they are detected by fluorescent 
microscope (Figure 1 top). Because one dot is originated from one target DNA, the amount of target DNA is quantified 
by counting the number of fluorescent dots on solid surface. 

Figure 1: Scheme of RCA, enzyme modification and TLM detection compared to conventional method
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On the other hand, the idea of this study is to detect the RCA products quantitatively in liquid phase by TLM.
However, technically TLM cannot detect the sample which has no absorption in visible range. In order to detect the 
RCA products by TLM, we propose the chemical conversion process below (Figure 1 bottom). First, the long strand 
DNA is hybridized with biotin-modified complimentary DNA. Subsequently, antibiotin-antibody with Horseradish 
peroxidase (HRP) combines to biotin and the whole long strand is modified with HRP. We measured the amount of the 
target DNA by measuring the enzymatic activity of HRP by TLM.

EXPERIMENT
To confirm the principle, padlock probe is used as 

the target DNA. The scheme of procedure is shown in 
figure 2. Prior to observe the concentration 
dependence, the signal amplification by RCA is 
confirmed by varying the polymerization time. In the 
PCR tube, padlock probes at 1nM were mixed with 
ligation solution and primer-immobilized agarose 
beads (34µm as a diameter), and then set at 30˚C for 
30 minutes to allow hybridization and ligation of 
padlock probes. After 30 minutes, the polymerization 
solution is added to the PCR tube and set at 30˚C for 
varying polymerization time (0, 5, 30, 60, 90, 180 
minutes). After polymerization process, the beads 
with extended DNA were mixed with hybridization 
solution including 100nM biotin-modified 
complementary DNA and incubated for 30 min (50˚C,
40˚C, and 30˚C, each for 10min). After the 
hybridization of biotinylated complimentary DNA,
the beads were injected into the microchip-based 
immunoassay system called µELISA system [3] 
(Figure 3(a)). µELISA system has a built-in syringe 
pomp in it and can inject or pomp a reagent solution automatically. In addition, it has thermal lens microscope in the 
downstream (Figure 3(b)). In this system, about 2000 beads were injected and accumulated in the channel. Then, 
Anti-biotin IgG with horseradish peroxidase (HRP) was injected into the channel before the solution of
Tetramethylbenzidine (TMB) and H2O2. In the channel, H2O2 oxidized TMB by catalytic action of HRP and the 
thermal lens signal of oxidized TMB was detected as a peak. The excitation wavelength was 658nm. After confirmation 
of signal amplification, we conducted the experiment with several concentrations of the target DNA (0nM, 0.1nM, 
0.25nM, 0.5nM, 1nM).

Figure 3: (a) Photo of detection system and microchip (b) Schematic diagram of
pomping system of Micro ELISA system

Figure 2: Schematic diagram of protocol
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RESULTS AND DISCUSSION
The results are shown in Figure 4 and 5. Figure 4 shows the result of the experiment of varying polymerizing time. 

The concentration of padlock probe is 1nM. Because of the positive correlation between polymerization time and 
thermal lens signal, it is confirmed that the signal gained by this system is from the RCA products. In addition, signal 
amplification by RCA is confirmed when the polymerization time is more than 30 minutes. It is still not clear why it 
needs 30 minutes the thermal lens signal is amplified by RCA. Herein, we optimized the polymerization time at 60 
minutes.

Figure 5 shows the linear correlation between the concentration of padlock probe and thermal lens signal. The 
detection limit was 22 zeptmole. Accordingly, the quantitativity on the order of 10 zeptmole is confirmed for the first 
time. In order to improve the detection limit, further decrease of background is necessary. The main cause of 
background would be non-specific adsorption of HRP. Therefore decreasing the background can be achieved by 
optimizing the beads material or the blocking method.

This method will contribute to genetics, oncology, and virology.

CONCLUSION
In this report, we developed a novel quantifying method of DNA utilizing Rolling Circle Amplification (RCA) and 

thermal lens microscope (TLM). Although RCA has higher selectivity than PCR, the quantitativity of zeptmole order is 
not confirmed. In order to realize the quantification on zeptmole order, we think of detecting the RCA products by 
TLM. However, detecting RCA products by TLM directly is difficult because the RCA products do not have light 
absorption in visible range. To cope with this, we introduced the chemical conversion process and succeeded in 
detecting the RCA products by TLM. The detection limit was 22 zeptmole. We believe that this method will contribute
to cancer diagnosis and detection of viruses.
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Figure 4: Correlation between the polymerization 
time and thermal lens signal. Blank (blue) and 1nM 
(green) of padlock probe concentration is shown.

Figure 5: Correlation between thermal lens signal 
and the concentration of padlock probe. The 
corresponding numbers of molecules are shown in 
the top.
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ABSTRACT 
    In this contribution, we present the experimental results of energy conversion from the streaming potential when a 
polymer, polyacrylic acid (PAA) with concentration from 200 ppm to 4000 ppm in background electrolyte KCl solution 
was used as the working fluid. The results show that when PAA was added in KCl 0.01 mM solution, the energy 
conversion efficiency of the system was enhanced a factor of 447 as compared to the case without polymer. An 
enhancement factor of 257 was also observed when PAA was in the higher ionic strength background solution, KCl 1 
mM. These are the first experimental demonstrations of this effect. 
 
KEYWORDS 
Energy conversion, efficiency, streaming potential, polymer.  

 
INTRODUCTION 

Energy harvesting from the streaming potential is based on the electrokinetic phenomena which are associated with 
interfacial charges. In general, every surface obtains a surface electrical charge when brought into contact with a polar 
medium. These interfacial charges, in turn, influence the ion distribution in the polar medium and lead to the formation of 
the electrical double layer (EDL). The streaming potential is generated by pressure-driven transport of the net charged 
liquid in the EDL. The main goal of researchers in the field is to increase the energy conversion efficiency (Eff) of the 
systems.  

The Eff equals the ratio of (electrical) output power (Pout) and (hydrodynamic) input power (Pin):  

 Eff =
Pout(electrical)

Pin(hydrodynamic)
 (1) 

Recently, Berli et al. [1] predicted theoretically that addition of polymer to the working fluid in a microfluidic channel 
can enhance the Eff. However, this prediction has not yet been investigated experimentally. 

When non-adsorption polymers are introduced into a microchannel, depletion layers near the channel walls are 
formed due to the repulsive force between polymer chains and the walls, which is of entropic origin (Fig. 1a). The 
thickness of these layers () will be approximately equal to the radius of gyration of the polymers (Rg). This results in 
two different viscosity zones in the channel, one of low viscosity (s) within and the other of high viscosity (p) outside 
the polymer depletion layers. [2] Figure 1b shows the approximate predicted velocity profile of the fluid flow for 
polymer solutions (red curve) and for normal viscosity electrolyte solutions (black curve). The decrease of the bulk 
velocity on polymer addition will decrease the hydrodynamic input power Pin. Because the thickness of the depletion 
layers can be varied from a few tens to hundreds of nanometers depending on the polymers of choice, it can be made 
larger than the thickness of the EDL, so that the transport of charge and hence Pout remain unaffected. Thus, one can gain 
Eff by reducing the volumetric flow rate in the bulk liquid without affecting the electrokinetic phenomenon which 
happens only inside the EDL (Fig1. b). 

In this paper, we present for the first time the results from experiments of energy conversion from streaming potential 
when polymer solutions were used as working fluids, and show that the energy conversion efficiency can be strongly 
enhanced. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1: (a) a scheme of depletion layers when polymer is added to the working fluid. (b) predicted velocity profile of 
the fluid flow for polymer solutions, (red curve) and for normal electrolyte solutions, (black curve) 

Depletion layer (free of polymers) 

Depletion layer (free of polymers) 

(a) (b) 
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EXPERIMENT 
In this work we focus on the effect of polymers on Eff in a long, straight and smooth microchannel. Microfluidic 

devices were fabricated in the clean room of MESA+. The Pyrex glass chip has a microchannel with dimensions of width 
(w) 40 µm, height (h) 10 µm and length (L) 3.8 mm. The scheme of the experimental set up is shown in Fig. 2. A 99% 
purity nitrogen gas source was employed to drive the liquid flow from the reservoir via fused silica capillary tubing 
through the microfluidic chip to the downstream collector by a high accuracy gas pressure pump (Fluigent MFCS). A 
flow meter from Fluigent Maesflo was used to measure the liquid flow rate Q. Two Ag/AgCl electrodes were placed into 
the reservoirs for electrical measurements. Voltages were applied by a Keithley 2410 voltage source, and current 
measurement was performed by a Keithley 6485 pico-ammeter.  

Polyacrylic acid (PAA, Mw 1250000 g/mol, gyration radius shown in table 1) was obtained from Sigma-Aldrich 
(USA). In order to have a full insight into the effect, the experiments were conducted in two different batches. In the first 
batch, potassium chloride KCl 1 mM (approximate EDL thickness 9.5 nm), pH 9.5 was used as the background 
electrolyte solution. This background solution was then employed as solvent for preparation of PAA solutions with 
varying concentrations of 200 ppm, 500 ppm, 1000 ppm, 2000 ppm, 4000 ppm. In the second batch of experiments, KCl 
0.01 mM (approximate EDL thickness 100 nm) pH 9.5 was used to prepare PAA solutions with the same set of 
concentrations as the batch number one. All the PAA solutions were adjusted to pH 9.5. 

Prior to the introduction of the different solutions into the apparatus, the microchannel and the entire tubing system 
were bidirectionally rinsed with KOH 100 mM for 15 mins. Following that, a second 15-min rinsing cycle was initiated 
using MiliQ water and the third cycle was 15 mins of the desired solution before performing measurement. The 
transparent nature of the microchannel surfaces allowed visual inspection of the channel (via a microscope) to ensure that 
all bubbles had been removed. The working solution was allowed to flow into the system until the equilibrium was 
reached which was manifested by the stability of the flow rate and the streaming current. Once the equilibrium was 
established, the measurement was conducted. All the measurements were repeated in triplicate and carried out at ambient 
temperature.  

  
 
 
 
 
 
 
 
 
 
 
 
 

        Figure 2: Scheme of experimental set up 

RESULTS AND DISCUSSION 
Fig. 3a compares the reduction of volumetric flow rate in both experimental batches. The reduction of flow rate in 

case of KCl 0.01 mM at small added PAA is larger than in KCl 1 mM. This can be explained by the changes of polymer 
conformation according to the ionic strength of the solvents (background electrolyte solution). In the case of high ionic 
strength solution, counter ions, in our case K+ will strongly screen the negative charges on polymer chains. This results in 
polymers having random coil conformation. If one now reduces the ionic strength of the solvent, the polymer 
conformation will be changed from random coil to expanded stage due to lesser screening and hence repulsive force of 
negative charges along the polymer chains. At expanded stage, the random coils take more space; increasing the viscosity 
of the solution.[5] This explains why the volumetric flow rate was reduced more rapidly by PAA addition to the low ionic 
strength background solution. 

The I-V characterization of the system is shown in figs. 3b and 3c. In both experimental batches, the streaming 
current increased and the streaming potential decreased with increasing polymer concentration. The reduction of 
streaming potential can be explained by the increase of bulk conduction when acidic polyanion PAA was added to the 
working solutions. The underlying mechanism for the increase of streaming current is under discussion. It must be so that 
the amount of positive charge that is transported increased when the polymer was added. On this account, it is reasonable 
to hypothesize the following: (i) possibly there was a faster speed of solution inside the depletion layer since the 
streaming current is proportional to the velocity in the electrical double layer inside the depletion layer or (ii) possibly a 
movement of the solution occurred in between the polymer with respect to the polymer. The first hypothesis is probable. 
Furthermore, figs. 3b and 3c show that there was a sharp increase of the streaming current when PAA was used with low 
ionic strength background solution (KCl 0.01 mM) as compared to the higher ionic strength one (KCl 1 mM). 

Due to the strong reduction of volumetric flow rate and the significant increase of streaming current, the Eff of the 
entire system was increased enormously. In particular, compared to the Eff of the normal viscosity electrolyte solution, 

KCl concentration 
Rg = 1.57nv (nm); n is the 
number of monomer in polymer 
chains [3, 4] 

1 mM v = 0.5 Rg = 207  
0.01 mM v = 0.6 Rg = 549 

Table 1: gyration radius of PAA  
in different ionic strength background solutions 
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the enhancement of the Eff for PAA added into KCl 0.01 mM solution was a factor of 447 and for the case of PAA in KCl 
1 mM it was a factor 0f 257, as shown in fig. 3d. The maximal energy conversion efficiency we obtained for the entire 
system is 0.038 % and it was 0.34% for the chip. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3: (a) The reduction of volumetric flow rate on PAA addition; (b) I-V characterization in case of PAA in KCl 1 
mM; (c) I-V characterization in case of PAA in KCl 0.01 mM; (d) Normalized energy conversion efficiency of PAA 
containing solutions with respect to normal viscosity KCl 0.01 mM and 1 mM solutions. 

CONCLUSION 
The energy conversion efficiency from the streaming potential in microchannel with polyacrylic acid (PAA) added to 

background electrolyte KCl solution was investigated experimentally. The results showed that the presence of this 
charged polymer caused a reduction of input power, an increase of streaming current and a decrease of streaming 
potential simultaneously. Furthermore, PAA in low ionic strength solution (KCl 0.01 mM) caused a large reduction of 
input power and increase of streaming current than at the higher ionic strength (KCl 1 mM). These combined factors 
resulted in an enhancement of the energy conversion efficiency of the system with a factor of 447 in case of PAA in KCl 
0.01 mM and a factor of 257 for PAA in KCl 1 mM. 
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ABSTRACT 
    Pollution of the environment by heavy metal species is a worldwide problem on account of their toxicity. 
Instrumental analysis, which is time-consuming and expensive, is generally used for the heavy metal analysis.  
Simple and rapid analysis method is useful for screening the pollution.  We developed highly sensitive cadmium 
immunoassay based on kinetic exclusion assay in a microchip.  The microfluidic immunoassay was completed 
within 7 min.  The lower detection limit for cadmium was 1.85102 ng/L, which satisfied much stricter regulation 
in Japan.  
 
KEYWORDS 
Immunoassay, Biosensor, Heavy Metal, Kinetic Exclusion Assay, Absorbance. 

 
INTRODUCTION 

Monitoring of heavy metal species is important from the view point of human health because of their toxicity.  
The conventional analysis methods of the heavy metal species are AAS, ICP-AES and ICP-MS.  Although their 
sensitivity and accuracy are attractive, they are also time-consuming and expensive.  Immunoassays have a 
potential for facile and cost-effective analysis methods because pretreatment can be simplified by utilizing antibody 
specific binding to the analytes.  We have developed antibodies specific for heavy metal species, such as 
cadmium-EDTA, and chromium-EDTA, etc.[1,2]  Microfluidic immunoassays have attractive features, such as high 
throughput, short analysis time, small amount of samples, and high sensitivity.  Although they are promising 
candidates for rapid and low-cost analysis methods, applications to small analytes are difficult.  Conventionally, 
sandwich and competitive ELISA are used for microfluidic immunoassays.  Although the sandwich ELISA can 
achieve high sensitivity by using two kinds of antibodies captured by at least two epitopes, small analytes lack two 
epitopes that can be recognized simultaneously.  Although the competitive ELISA can detect small analytes, the 
sensitivity is low.  As one of approaches, Ueda’s group has developed a non-competitive open-sandwich ELISA 
(OS-ELISA) on a microfluidic device.[3]  However, the preparation and stabilization of antibody variable domains 
have many problems.  We have reported kinetic exclusion assay for small analytes.[4]  The kinetic exclusion assay 
can apply to the small analytes with high sensitivity and without complex preparations.  Simple and low-cost 
immunoassay for small analytes is expected by applying the kinetic exclusion assay to microfluidics.  Here, we 
report a micro kinetic exclusion assay for small analytes, cadmium. 

 
THEORY 

Figure 1 shows a schematic of the kinetic exclusion assay, which can reach the detection limit on the basis of the 
antibody dissociation constant Kd.[4]  Usually, once free antibody binds the solid phase, antigen-antibody complex 
are dissociated to replace the bound free antibody.  When interaction time is less than the dissociation time under 
high flow rate condition, a change in the sample concentration is kinetically excluded.  Reaction rate is a few 
percent.  Since the free antibody is accumulated on the beads under the initial equilibrium condition, small analytes 
can be measured with high sensitivity.   

 
 

 
 

Figure 1.  Schematic of the principle of the kinetic exclusion assay. 
 
 

EXPERIMENT 
The microfluidic device was fabricated using photolithography and soft lithography in PDMS.  A main 

microchannel and a sub microchannel were designed for the flow of the sample solution and washing buffer, and 
solid phase packing, respectively as shown in Figure 2.  Microchannel width and depth were 2 mm and 125 μm, 
respectively.  Pillars having a width of 100 μm were fabricated at intervals of 50 μm.  The solid phase packing 
area had 2 mm square.  Microchannel surfaces were blocked by bovine serum albumin (BSA).  Microflow was 
controlled by electro-osmotic pump (EO pump).  Antigens were immobilized on PMMA beads having 100-μm 
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diameter by reacting 1-(4-isotihocyanobenzyl)EDTA with BSA physically adsorbed on beads.  Antigen 
immobilized beads were packed as a monolayer because of 100 μm-dimater, while double layer in our previous 
paper.[5]  In this work, we evaluated the micro kinetic exclusion assay using cadmium-EDTA antibody (NX2C3) 
labeling gold nanoparticles.  Kd and the cross reactivities were shown in Table 1.  We evaluated the absorbance 
dependence of gold nanoparticles on the cadmium concentration by a green LED and photodiode powered by AAA 
butteries (Figure 3).  The incident light irradiated the solid phase packing area through a 0.7-mm pinhole for 
preventing scattering light from non-intensive area.   

 
 

 
 

Figure 2.  Illustration of the microchip with pillars.    Figure 3.  Schematic of the absorbance measurement. 
 

 
Table 1.  Antibody Kd and the cross reactivities to the metals. 
 

Antibody Kd (nM) Cross Reactivity (%) 
  Cd(II) Cu(II) Mn(II) Zn(II) Fe(II) Mg(II) Cr(III) Pb(II) 

NX2C3 60.0 100 1.35 0.722 0.565 0.031 0.005 0.001 0.001 
 
 

RESULTS AND DISCUSSIONS 
After beads packing, the flow from the sub microchannel to the packing area was not observed because of the 

high pressure loss in the sub microchannel.[5]  Valves are usually used for these flow controls, they are not 
necessary for our system.  To achieve the theoretical level of detection, three measurement conditions, antibody 
concentration, flow volume, and flow rate, had to be optimized.[4]  First, beads were packed in the pillar area.  
Second, the sample solution was flowed through the beads.  Third, unbound free antibody was washed with 1 mL 
of phosphate buffered saline with 1 mg/mL BSA.  Finally, absorbance was measured.  The microfluidic device 
was repeatedly used in the experiment by removing the solid phases.  Figure 4 shows the absorbance dependences 
on antibody concentration, flow volume, and flow rate.[6]  The linear relation between the resulting absorbance 
signals, and the antibody concentration and the flow colume was observed under the experimental conditions.  We 
selected 200 pM of the antibody concentration and 2.0 mL of the flow volume.  The relative absorbance became 
constant value over 400 μL/min.  However, bubbles were frequently contaminated into the beads area over 600 
μL/min.  The bubbles disturb flow conditions for binding the antibody to the antigen on the solid phase and optical 
path for correct absorbance detection.  Therefore, we selected 400 μL/min of the flow rate. 

 
 

 
 

Figure 4.  Absorbance dependence on (A) antibody concentration and (B) flow volume.  (C) Relative 
absorbance dependence on flow rate. 
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Assay samples consisted of 200 pM antibody mixed with cadmium ion and 10 μM EDTA in 50 mM Tris buffer 
(pH 7.5).  Under the optimized conditions, the relative absorbance dependence on cadmium concentration was 
examined (Figure 5).[6]  The results were fitted with four-parameter logistic equation.  The detection limit and 
dynamic range defined as the concentration with 30% relative standard deviation (RSD) and the region with <10% 
RSD [7] were evaluated to be 1.85102 ng/L and 0.64−57.0 μg/L (Figure6), which satisfied much stricter regulation 
of 10 μg/L in Japan.  The microfluidic immunoassay was completed within 7 min. 

 
 

 
 

Figure 5.  Standard curves for cadmium measured Figure 6.  Precision profile of the standard curve  
by the micro kinetic exclusion assay. in Figure 5. 
 
 
In order to verify the Kd-limited detection of the micro kinetic exclusion assay, Kd was compared with the 

half-maximal inhibitory concentration.  The half-maximal inhibitory concentration was estimated to be 5.3 μg/L, 
which is nearly the same as the Kd of NX2C3 of 60 nM (6.7 μg/L).  Therefore, theoretical detection was achieved 
using the micro kinetic exclusion assay. 

Our developed method can generally apply to immunoassays of other small analytes, such as heavy metal 
complex, dioxin, and polyaromatic hydrocarbons.  The absorbance measurement system is simple, especially the 
LED and the photodiode powered by AAA butteries.  Therefore, our system has a potential for on-site analysis 
system.  In real environmental samples, some metal ions, such as Mg(II) and Fe(II), are contained at relatively high 
concentrations.  Although the antibody has a high selectivity, those metal species cannot be ignored.  Therefore, it 
can be useful by combining with adequate pretreatment, for example, the solid phase extraction for cadmium 
purification in our previous paper.[1] 

 
CONCLUTIONS 

We developed a micro kinetic exclusion assay for cadmium analysis with high sensitivity.  Simple absorbance 
measurement system powered by AAA butteries was developed.  Microflow control without valves was 
demonstrated.  Antibody concentration, flow volume, and flow rate were optimized to achieve the theoretical level 
of detection for the micro kinetic exclusion assay.  The detection limit and dynamic range were carefully 
considered and evaluated to be 1.85102 ng/L and 0.64−57.0 μg/L, respectively.  The micro kinetic exclusion assay 
can be a powerful tool for on-site analysis of heavy metal species. 
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structure is formed [8]. For this reason, the photo-generated electrons and holes would flow to different directions 
due to the difference of potential levels. This would significantly reduce the recombination of the electrons and holes 
and would thus enhance the photocatalytic efficiency. 

 
Fabrication and characterization of the compound photocatalyst film 

Following the same method in our previous research [4, 5], the nanoporous TiO2 film was prepared by the sol-gel 
method. It included two stages: the preparation of the TiO2 colloid and the creation of porous TiO2 film on the glass 
slide. On the first stage, 10% wt. TiO2 powders (Degussa P25) were slowly dispersed in 120 ml water containing 
acetylacetone, Triton X-100, PEG20000 to form the TiO2 colloid. On the second stage, the painting method was used 
to form a porous TiO2 film onto a glass slide, which was subsequently annealed at 500 °C for 2h. In the next step, a 
thin film of bismuth vanadate (BiVO4) was grown on the porous TiO2 film by the pulse laser deposition (PLD) 
method. The deposition was carried out in the oxygen atmospehere of 200 mtorr at 500 °C with pulse energy about 
300 mJ focused on a BiVO4 ceramic target (10 mm in diameter). The compound film was also characterized by XRD, 
SEM and UV-vis absorbance spectrum. 
 
Device fabrication and efficiency test 

Standard UV lithography was used to fabricate the master mold for the microreactor. First, negative photoresist 
SU-8 50 was spin coated at 1500 rpm for 60 s onto a silicon wafer substrate and was then baked. Reaction chamber 
and inlet/outlet were then patterned with a mask. As a result, the SU-8 master was obtained. After cleaning it, a 
prepolymer solution of PDMS in a 10:1 mixture ratio was poured on the SU-8 master and cured at 80 °C for 1 h. 
Finally, the cured PMDS slab was peeled off and was ready for bonding with the glass substrate. 

The photo of the fabricated microreactor is shown in Fig. 2(a), the overall footprint is 3 cm  2.5 cm (not 
including the full lengths of the tubes and the wires). Two steel tubes are used as the inlet and outlet. For easy 
visualization, the tree-branch microchannels and the reaction chamber are filled with green dye solution.  

 

 
Figure 2: (a) Photograph of the microreactor; (b) scanning electron micrograph of the compound BiVO4/TiO2 

film; and (c) XRD of the BiVO4 deposited by PLD, showing the monoclinic phase. 
 

RESULTS AND DISCUSSION 
Characterization of the compound film 

Fig. 2(b) shows the SEM image of the compound film. The TiO2 layer is 3 m thick and the BiVO4 layer is 40 
nm thick. The porous structure of the TiO2 is well preserved as the PLD-deposition of 40-nm BiVO4. Fig. 2(c) shows 
the XRD diffraction patterns of the PLD-deposited BiVO4 film. The peaks match well with the monoclinic phase. 

 
Photocatalytic efficiency of the device 

In the experiment, photocatalytic reactions were conducted using a Xe lamp. Methylene blue solution (3  10-5 M) 
was used as the model chemical and was driven by a syringe pump. The degraded MB solutions were collected from 
the outlet and analyzed by a UV-visible spectrophotometer. 

In the microreactor system, the flow rate is one of the major factors that affect the photocatalytic reaction 
efficiency. The flow rate is related to the effective residence time of the MB solution in the reaction chamber by the 
relationship Flow ratelumeChamber vo time residence Effective  . To investigate the effect of the flow rate, the 
solutions were pumped at 75, 100, 150, 300 µl/min, respectively. The corresponding effective residence time (i.e., 
the reaction time) is 8, 6, 4 and 2 s, respectively. The solar light density was tested to be 100 mW/cm2. For control 
experiments, microreactors without any catalyst film, with only the porous TiO2 film and with only a porous (not 
dense) BiVO4 film were tested under the same conditions. The results are plotted in Fig. 3 (a). It can be seen that the 
MB solution is scarcely degraded in the microreactor with no photocatalyst film. In the microreactor with the porous 
TiO2 film, the degradation increases obviously with the effective residence time. And in the microreactor with the 
porous BiVO4 film (1.5 m thick), the degradation rate is similar. In contrast, the microreactor using the BiVO4/TiO2 
film is much faster. The reaction rate constant (represented by the slope of the fitted straight line) is about 2 times of 
those obtained using the porous TiO2 film and the porous BiVO4 film. Here we choose the 3-m porous BiVO4 film 

 1994



rather than t
photocatalytic

 
Figure 3 (

The photo
charge carrier
the last wou
recombination
Therefore, th
thicknesses (2
The best phot
 
CONCLUTI

A planar 
irradiation. It
responsive to
microreactor 
reactors. And
explored to m

 
ACKNOWL

This wor
A-PM21. 

 
REFERENC
[1] G. M. Wh
[2] Y. Yang, 

dye laser
[3] G. V. Cas

P. T. Tran
(2011).  

[4] L. Lei, N
photocata

[5] D. Ericks
[6] K. Vinod

Coupled 
[7] Y. Bessek

heterojun
[8] Y. Hu, D

heterostr
benzene, 

[9] H. P. Li, W
J. Am. Ce

 
CONTACT 
Dr. Xuming Z
 

the 40-nm de
c performance

(a) The photoc

ocatalytic proc
r transfer rate
uld improve 
n is faster tha

here is an op
20 – 100 nm)
tocatalytic per

IONS 
photocatalytic

t adopts a BiV
o both the vis
can be double

d the optimal 
maximize the p

LEDGEMENT
rk is support

CES 
hitesides, The
A. Q. Liu, L. L

r via two centr
squillas, C. Fu
n. Fast micro

N. Wang, X. M
alytic water tr
son, D. Sinton
dgopal and P.V
Semiconducto
khouad, D. Ro
nction, Catal. 

D. Z. Li, , Y. Z
ructure: A wid

Appl. Catal. B
W. Zhang, B. 
eram. Soc., pp

Zhang  852-2

ense BiVO4 
e that can be a

catalytic perfo
control exper

cess of a phot
e and electron-

the photoca
an that of the i
ptimal thickne
) of BiVO4 on
rformance is f

c microreacto
VO4/TiO2 hete
sible and the
ed in the react
thickness of B

photocatalytic 

T 
ted by the G

e origins and t
Lei, L. K. Chi
rifugal Dean f
u, M. Le Berre
ofluidic tempe

M. Zhang, Q.
reatment using
n and D. Psalti
V. Kamat. Enh
or Thin Films,
obert and J.V.
Today, pp. 31

Zheng, W. Che
de spectrum re
B, pp. 30-36, 
Li, and W. Pa

p. 2503-2506,

23337629  or

film for com
achieved using

ormance of the
riments; (b) in

tocatalyst is d
-hole recombi

atalytic prope
interfacial cha
ess of the Bi
n the porous T
found to occur

or is demonst
erojunction p

e UV region 
tion time of 10
BiVO4 film (4
performance.

GRF grant B-

the future of m
in, C. D. Ohl, Q
flow streams, L
e, J. Cramer, S
erature contro

. D. Tai, D. P
g solar energy
is. Optofluidic
hanced Rates 
, Environ. Sci
 Weber. Photo
5-321, (2005)

en, Y. H. He, Y
esponsive phot
(2011). 

an. Diameter-d
 (2010).  

r  apzhang@

mparison is b
g BiVO4 unde

e microreacto
nfluence of the

 
determined by 
ination rate [9
erties. Howev
arge carrier tra
iVO4 film fo
TiO2 film are 
r at the BiVO4

trated to achie
hotocatalyst f
of the solar 
0 ~20 s, much
40 nm thick) 
.     

-Q26F and th

microfluidic, N
Q. J. Wang, an
Lab Chip, pp.
S. Meance, A. 
ol for high res

P. Tsai, and H
y, Biomicroflu
cs for energy a
of Photocatal
i. Technol., pp
ocatalytic acti
). 
Y. Shao, X. Z
tocatalyst tow

dependent pho

@inet.polyu.

because the f
er the solar ligh

r using BiVO
e BiVO4 film t

three importa
9]. Increase o
ver, when th
ansfer, the pho
or maximum 

investigated. 
4 film thicknes

eve enhanced
film at the bo
light. The ph

h shorter than 
combined wi

he PolyU gr

Nature, pp. 368
nd H. S. Yoon
. 3182-3187 (2
Plecis, D. Ba
olution live c

Helen L.W. Ch
uid, pp. 043004
applications, N
lytic Degrada
p. 841-845, (19
ivity of Cu2O/

Z. Fu, and G. C
wards the highl

otocatalytic ac

edu.hk 

former repres
ht.   

4/TiO2 film as
thickness.   

ant parameter
f the former t
he speed of 
otocatalytic ac
photocatalyti
The results a

ss of 40 nm.  

d photocatalyt
ottom of the r
hotodegradatio
typically seve
ith the porous

rants A-PD1S

8-373, (2006)
. A tunable 3D
2011). 

aigl, J-J Greffe
ell imaging, L

han. Optofluid
4, (2010). 
Nat. Photon., 
tion of an Azo
995). 
/TiO2, Bi2O3/T

C. Xiao, BiVO
ly efficient dec

ctivity of elect

sents roughly 

s compared to 

rs: surface are
two and suppr

surface elec
ctivity would 
c efficiency. 

are plotted in 

tic activity un
reaction cham
on performan
eral hours in m
s P25 TiO2 fil

S, 1-ZV5K, 

).  
D optofluidic w

et, Y. Chen, M
Lab Chip, pp.

dic planar rea

pp. 583-590, 
o Dye Using S

TiO2 and ZnMn

O4/TiO2 nanoc
composition of

trospun TiO2 n

the best 

 
the other 

ea, surface 
ression of 
ctron-hole 
go down. 
Different 
Fig.3 (b). 

nder solar 
mber to be 
nce of the 
many bulk 
lm is also 

A-PL16, 

waveguide 

M. Piel and 
 484-489, 

actors for 

(2011). 
SnO2/TiO2 

Mn2O4/TiO2 

crystalline 
of gaseous 

nanofiber, 

 1995



MEMBRANELESS PURIFICATION OF HEAVY METAL  
CONTAMINATED WATER BY ION CONCENTRATION POLARIZATION 
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ABSTRACT 
The lethal threats to human health from heavy metals are associated with untreated ground water. We developed a high 
throughput single step heavy metal purification process based on Ion Concentration Polarization mechanism. Instead of 
microfluidic channel networks, the plastic prototype made of plastic meshes and Nafion nanoporous material was built so 
that the manufacturability and cost efficiency were maximized. Modeled heavy metal contaminated water was filtered 
below the safe concentration. Based on the demonstration, one can expect to achieve a 100mL/min throughput from a 
2.5inch portable system which is capable of desalting seawater, purifying heavy metals and disinfecting biological 
contaminants. 

KEYWORDS 
Water purification, seawater desalination, ion concentration polarization, nanoporous membrane, nanofluidics, 
electrokinetics 

INTRODUCTION
Groundwater contamination by heavy metal compounds is a significant problem in many countries [1]. Arsenic (As), 

cadmium (Cd) and lead (Pb) ions in drinking water can cause serious illness such as skin cancer, kidney damage and 
gastrointestinal uptake. Current methods for heavy metal removal rely on coagulation-precipitation of metal 
contaminants, induced by adding chemical coagulants, followed by filtration of solids. While this technique is widely 
used and could potentially be implemented relatively inexpensively [2], different coagulant chemical should be used for 
different metal contaminants. Membrane processes (such as reverse osmosis) are widely used for seawater desalination 
and purification, but requires expensive water purification and delivery infrastructures and therefore cannot be easily 
implemented in a rural, resource-limited areas. Previously, we have demonstrated a novel microfluidic desalination [3] / 
disinfection [4] method, which have the potential to be built into a portable and self-powered system. The separation 
mechanism is based on the Ion Concentration Polarization (ICP) phenomenon [5]. ICP is a fundamental electrochemical 
phenomenon that describes the behavior of ions in an electrolyte solution near nanoporous membrane under DC electric 
field [5, 6]. Due to the nano-scale pores in the membrane, it has a perm-selectivity so that the membrane allows only 
counter-ion to transport through itself. Thus, ionic concentrations dramatically decreases and increases at anodic and 
cathodic compartment in the system, respectively. Especially, the ultra-low concentration zone (a.k.a. ion depletion 
zone) at the anodic side of the membrane rejects any ionizable species including salts, biological contaminants (protein 
and cell) and metal ions so that continuous extracting the fluid from ion depletion zone enables water purification / 
seawater desalination from highly contaminated source waster. However, the flow rate of fresh water was around 
~10uL/min in a single microfluidic channel, too small to be useful for any practical application. 

(a)

Plastic substrate

anode

Nafion

ICP zone

filtered stream

cathode

Brine stream

Screw 

Washer 

Source water

(b)

381um

Nafion coated meshes

 
Figure 1. ICP purification scheme. (a) Schematic diagram of ICP desalination / purification system utilizing industrial 
degree plastic meshes structure and (b) Exploded view of prototype.
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EXPERIMENT 
In this work, we demonstrate a high throughput (~1mL/min), single step heavy metal purification / desalination 

system utilizing the same ICP desalination principle. Source water is fed vertically from the top, which will meet the 
ICP zone created by the plastic mesh coated with Nafion as shown in the schematics of Figure 1(a) and the exploded 
diagram of the multiplexed system is shown in Figure 1(b). Purified water (desalted stream) will pass through ICP 
zones and mesh holes, falling down to the bottom, while brine stream flows away toward the rim of chamber. The mesh 
structure consists of a fine mesh (~125um mesh holes) sandwiched by two coarse meshes (~381um mesh holes), which 
creates a dense array of holes where desalted water can pass through, while the brine (salts) are hindered from entering 
due to the ICP zones created. The fluidic resistance through a hole is proportional to the length and inversely 
proportional to the square of cross-sectional area. To balance 1:1 separation of brine and desalted flow, a fluidic 
resistance through the meshes (# of holes × hole area / hole length) should be equal to a fluidic resistance through the 
gap between top plastic substrate and upper tube part (indicated “gap for brine flow” in Figure 2(a)). For this purpose, 
three 200um thick washers were inserted at the bottom of the tube. Instead of microfluidic channel networks, 
commercially available low-cost and off-the-shelf materials were used for the system, so that the manufacturability and 
cost efficiency were maximized (actual material cost of the prototype was ~$0.5 excluding labor, software and 
machines). Final assembled prototype is shown in Figure 2. 

1cm

Nafion coated
plastic meshes

assembly bolts

1cm

anode

cathode

gap for 
brine flow

source water inlet

connection holes 
for cathode and Nafion

(a) (b)

 
Figure 2. Assembled prototype. Assembled prototype made of transparent plastic substrate and plastic meshes stack. 
(a) Perspective view and (b) bottom view. 

 
A water sample modeled after Bangladeshi ground water (As (500ppb), Cd (200ppb) and Pb (200ppb)) was filtered 

by this prototype, and after a single pass heavy metal contamination levels were brought below the safety limit 
(As<10ppb, Cd<5ppb and Pb<15ppb: suggested by World Health Organization) as shown in Figure 3. Quantitative 
analysis of filtered sample was conducted by both inductively coupled plasma-mass spectrometer and laboratory test 
kit. 
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Figure 3. Quantitative analysis of ICP purification. (a) The concentration drop of each heavy metal species from 
filtered samples as a function of applied electrical voltage and (b) the conductivity changes as a function of applied 
electrical potential at both desalted and brine stream. 
 

Majority ion concentrations (such as Na+ and Cl-) were monitored by conductivity measurement as shown in Figure 
3(b), which showed a precipitous drop once the electric voltage was applied. On the other hand, the conductivity 
increased at the brine stream, confirming that actual separation of salts from the desalted stream into the brine stream 
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has occurred. In addition, a higher concentrated source water (NaCl: 30,000TDS, seawater level salinity) was also 
successfully desalted to fresh water at the power efficiency of ~5Wh/L.  

In our prototype device, there are approximately 1800 holes in a 3/8 inch diameter (~0.7 cm2) circular mesh structure, 
which supports desalination flow rate of 0.5mL/min (0.7mL/min/cm2). In contrast, reverse osmosis membranes 
typically operate at the rate of ~0.05mL/min/cm2 with ~25% recovery rate. Our current prototype device could be 
operated in parallel, providing scalable water desalination capability that is appropriate both for small scale (e.g. 
personal / household) and larger municipal scale (e.g. ships and small town). Conclusively, the manufacturability, 
power efficiency, cost, and salt / heavy metal removal efficiency of this system will make this technology viable for 
portable water purification system in various areas of the world where water / power infrastructure are not readily 
available. 
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ABSTRACT
In this study, we describe a lab-on-a-chip (LOC) device for detection of Campylobacteriosis - a most 

common food-borne disease that is caused by Campylobacter bacterial infection. By integrating all the steps 
sample preparation, DNA purification, and PCR amplification on a  microchip which can handle eight 
samples at one time we greatly reduces the detection time in comparison to detection by culture or by 
conventional PCR. 

KEYWORDS: Campylobacter; food-borne pathogens; Lab-on-a-chip; PCR; fecal sample; rapid detection. 
 
INTRODUCTION
Campylobacteriosis is the most common food-borne disease worldwide [1]. It is estimated at least 9 million 
human campylobacteriosis cases per year in the EU countries [2]. In the USA, for example, two to four 
million campylobacteriosis cases are reported yearly and in 2006 campylobacteriosis caused 150,000 clinical 
visits; 13,174 hospitalized and 124 deaths [3]. In the EU, with 175,561 and 160,649 reported cases in 2008 
for campylobacteriosis and samonellosis, respectively, they were the most common infection among the nine 
most prevalent infection diseases in the EU [4]. In Denmark, despite more than a decade with programs to 
prevent campylobacter infection both in broiler flocks and human, a total of 3,868 human 
campylobacteriosis cases were confirmed in 2008 corresponding to 71 per 100.000 inhabitants, making it the 
most common human diarrhoeal illness [5]. Campylobacter infection has considerably affected society in 
term of morbidity, health care cost and loss of productivities. In order to comply to the demands from 
consumers for safe food, free of pathogens, there is an urgent need for development of rapid methods for 
detection of such pathogens since conventional methods (such as those suggested by the Nordic Committee 
on Food Analysis) and molecular nucleic acid - based methods for detection and identification of 
campylobacter infection are time consuming, and laborious [6]. In addition, these methods need special 
equipments, trained technical staffs and costly. Therefore, a rapid and reliable method for detecting of 
Campylobacter is urgent needed. We describe here for the first time a lab-on-a-chip (LOC) device for 
multiple detection of Campylobacter directly from feces. The microchip, which can handle eight samples at 
one time, integrates all the steps from sample preparation and DNA purification to PCR amplification on an 
eight-chamber chip. The use of the LOC system reduces the detection time from 5 days by culture or one 
day by conventional PCR to less than 20 minutes 

EXPERIMENTS

Design of the LOC system 
The LOC sysrem consists of a disposable microfluidic COP chip with 8-chambers (76 mm/length/ x 26 

mm/width/ x 1 mm/height/) fabricating by injection molding; a reusable actuation unit with magnets, heaters 
for sample preparation and PCR amplification and a 8 channels peristaltic micropump for sample processing. 
The pump is connected with the outlets of the 8 chambers for addressing all the steps from sample 
processing, washing, to DNA purification in an automatic way. A picture of the LOC system is show in 
Figure 1. 

On the LOC system sample preparation
Fecal sample 1g chicken feces was collected and suspended in 1 ml of sterile water by vortex. Ten cotton 

swabs were deepen into the fecal suspension and brought to a 10 ml plastic tube containing 3 ml of sterile 
water. The swabs were incubated for 5 min at room temperature to release the fecal material. This fecal 
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suspension mixture was used to prepare campylobacter spiked samples for testing and validating the 
performance of the LOC. 

DNA samples bacterial strain used in this study was Campylobacter jejuni reference strain NTCC-11284 
from a bacterial collection at the National Veterinary Institute, Technical University of Denmark (DTU-Vet 
Aarhus, Denmark). The campylobacter chromosomal DNA was isolated using QIAamp DNA mini kit 
(Qiagen, Germany). The DNA concentration was determined by Nano drop (Thermo Scientific, USA).  

Primers Three sets of primers were designed for identification of Campylobacter spp. and their subtype. 
The universal Campylobacter primers (UC) targeted a 300 bps 16sRNA gene fragment of Campylobacter 
spp., while the hippuricase gene (HipO) primers aimed at a 150 bps hipO gene sequence specific for 
Campylobacter jejuni species and the primers specific for Campylobacter coli (CC) targeting the 190 bps of 
Camylobacter coli 16rRNA gene. All the primers were synthesized at DNA Technology A/S, Denmark 
(Aarhus Denmark). 

PCR master mixture for multiplex PCR contained 10 µl of 2x Promega mixture (PCR Master Mix, 
Promega, USA), with 2mM MgCl2; 0,4 mg/µl BSA; 0.04 U/µl FastTaq DNA Polymerase,and 4 µl of three 
pairs of primers: the UC primers with final concentration of 160 nM, and the HIP and the CC primers with 
final concentration of 240 nM. All the reagents of PCR were pumped into the PCR chamber using external 
pump with flow rate 50µl/ min. On chip PCR thermocycler with an initiated denaturation step of 94oC for 5 
minutes following 30 cycles of 94oC for 15 sec, 54oC for 8 sec and 72oC for 8 sec was conducted. PCR 
end-point analysis using 2% agarose gel electrophoresis with TAE buffer or Bioanalyser (Thermofisher, 
Denmark)  

 
Figure 1. The LOC system consists of an 

eight-chambers microfluidic biochip made by 

injection molded on COC slide, an external 

heater element mounted under the microchip 

and a plastic frame containing 8 magnetic 

element was clamped on top of the chips for on 

chip sample preparation and on chip PCR 

amplification.  Sample reservoirs were 

connected the eight chamber microdevice 

through an 8 channels peristaltic micropump. A 

mixture of feces and magnetic beads in a 

bacterial lysis buffer were pumped in to each 

chamber at flow rate of 10µl per minute at room 

temperature 

RESULTS  

On chip sample preparation  

Initiating experiments were conducted to define all the conditions for on chip sample preparation such as 
the volume of the sample; the ratio of sample and the magnetic bead; the flow rate suitable for sample 
loading and on chip washing procedure. The best results of these experiments were applied for on chip 
sample preparation. On chip sample preparation experiments were performed first using purified DNA 
isolated from campylobacter then with chicken fecal material spiked with campylobacter DNA. The on chip 
sample preparation is finally performed using 10 µl mixtures of the fecal material and 5 µg/ml super 
paramagnetic beads (Dinabeads Invitrogen, Germany) suspended in lysis buffer. The sample-beads mixture 
was loaded into each PCR chambers using the pump at a flow rate of 5µl /min. After loading the sample, the 
captured magnetic beads with DNA were washed for 2 minutes using a washing buffer at a flow rate of 
500µl/min. The magnetic beads were then air dry at the same flow rate for 1 minute at room temperature. 
After this step the sample is ready for PCR processing. PCR amplification was performed with conditions 
described above.  

On chip PCR amplification  
On chip sample preparation and PCR amplification was performed using the 8 chambers LOC system to 

detect Campylobacter jejuni directly from chicken fecal sample. Figure 2 shows the results of a on- chip 
sample preparation and PCR amplification using the eight-chamber LOC system. The experiment was 
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performed to detect Campylobacter jejuni directly from 16 different Campylobacter jejuni-spiked chicken 

fecal samples (104 CFU/ml of Campylobacter jejuni). Strong PCR signals were observed with both the 300 
bp of the UC (universal campylobacter) amplicon and the 150 bps of the HipO gene amplicon specific for 
Campylobacter jejuni, confirming the successful of on chip sample preparation and PCR amplification using 
the eight chamber LOC system to detect Campylobacter. jejuni directly from feces. In addition, analysis of 
one of PCR product of a PCR amplification using the eight-chamber LOC system by Bio-analyzer, a high 

DNA concentration of the amplified PCR product of 4.7ng/µl was archived while negative control was 
negligible. 

 

In conclusion, the newly developed eight-chamber LOC device is a good tool for point of care rapid 
clinical diagnosis, for rapid screening of food-borne pathogens in industrial animal production (poultry or 
animal farms and slaughters) or food production line (food manufactures, food product packing stations, 
Food control units etc.). 
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Figure 2. 2% agarose gel electrophoresis end 

point analysis for on chip sample preparation and 

PCR amplification using the eight-chamber Lab-on- 

a-chip systems. On gel: Lane 1 DNA 100bp 

molecular weight marker; Lane 2 -17: on chip 

sample preparation and PCR amplification of the 16 

chicken fecal C. jejuni spiked samples; Lane 18: 

Negative control; Lane 19: on chip PCR positive 

control, lane 20: Conventional on tube PCR positive 

control with 2ng of DNA from C. jejuni. 

Figure 3 Result of an analysis of a PCR amplicon using the LOC system by Bioanalyzer (above). High DNA 

concentration of the amplified PCR product of 4.7ng/µl was archived (right). 
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PAPER MICROFLUIDIC DETECTION OF SALMONELLA USING A 
SMART PHONE  

Tu San Park, Wenyue Li, Jeong-Yeol Yoon 
The University of Arizona, USA 

 
ABSTRACT 
    We describe a novel demonstration of latex immunoagglutination assay in a paper microfluidics format and 
subsequent Mie scatter detection using the smart phone’s flash and digital camera as optical sensing platform. The 

background noise was eliminated through careful optimization of Mie scatter parameters: the diameter of latex beads, 
surfactant concentration, the angle of scatter detection, etc. The detection limit was 10 CFU/mL for Salmonella 
typhimurium using the paper microfluidics and smart phone. This method can be used for any field deployable 
assays (demonstrated for foodborne pathogens here; can be used for medical, veterinary, and environmental 
diagnostics) and is low-cost, easy-to-use, near-real-time and handheld. 
 
KEYWORDS 
Paper microfluidics, Salmonella typhimurium, latex immunoagglutination, Mie scatter.  

 
INTRODUCTION 

Paper microfluidics has gained great popularity in recent years, potentially as a low-cost, field deployable assay 
device [1]. The paper itself, however, is not a homogeneous medium and generates substantial background noise 
(optically and electrochemically). To use this paper microfluidics for field assays, the sensitivity must be improved 
significantly and the corresponding detection system must be made handheld and easy-to-use. To this end, we 
demonstrated, for the first time, the immunoagglutination assay in a paper microfluidics and its Mie scatter detection 
using the smart phone’s flash and digital camera as an optical sensing platform. The immunoagglutination assay 
provides the improved sensitivity (very low detection limit), the angle-specific optimized Mie scatter detection 
eliminates the effect of background reflection/scatter, and the smart phone provides a handheld and easy-to-use 
optical detection platform.  

 
EXPERIMENT 

The paper microfluidics was fabricated using cellulose chromatography paper (Whatman) and SU-8 negative 
photoresist [2]. The pattern was printed on a transparency film using a laser printer, which was used as a mask. The 
paper was immersed within photoresist solution, dried, and UV-exposed with the aforementioned mask. Acetone and 
isopropyl alcohol (IPA) were used for rinsing. The resulting channel is SU-8-free and hydrophilic, allowing the 
sample to spontaneously flow through it by capillary action. Anti-Salmonella were conjugated to 920 nm, highly 
carboxylated polystyrene beads by covalent bonding as described previously [3,4]. This bead suspension was applied 
to the detection area of paper microfluidics and fully dried. The final paper microfluidics would have multiple 
channels, each with different antibody-conjugated beads pre-loaded in it (Fig. 1), detecting multiple pathogens 
simultaneously. (The result with a single channel is shown in this work.) The paper microfluidics was dipped into the 
target Salmonella solutions (together with a blank = phosphate buffered saline), which traveled through the channel 
by capillary action. The target molecule (Salmonella) in the solution caused immunoagglutination of 
antibody-conjugated beads within paper fibers, thus increasing the effective diameter and morphology of the beads, 
which was detected by measuring light scatter intensities (Fig. 2). 

 

 

Figure 1. Illustration of smart phone detection from 
multi-channel paper microfluidics. 

Figure 2. Schematic of the paper microfluidics and the 
subsequent optical detection. 
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Latex immunoagglutination assay and subsequent Mie scatter detection is a label-free, non-spectrophotometric 
detection, which may improves the detection limit down to 10 CFU/mL bacteria or 10 pg/mL antigens [3,4]. There is 
a difficulty in demonstrating latex immunoagglutination assay and subsequent Mie scatter detection in a paper 
platform: difficulty in differentiating the true light scatter caused by the bead immnoagglutination from the reflection 
or non-specific scatter by the paper fiber. Therefore, a benchtop apparatus was fabricated using fiber optic cables, 
blue (λ=475 nm) LED light source (LS-450, Ocean Optics) and a miniature spectrometer (USB4000, Ocean Optics), 
and the angles of light irradiation and detection were varied using rotational positioning stages (Fig. 3). Forward 
scatter (i.e. light passes through the paper) from 0° to 80° and back scatter (i.e. light reflects from the paper) from 
100°-160° were tested (Fig. 4). 

 
RESULTS AND DISCUSSION 

The benchtop experiments revealed that back scatter showed stronger signal due to the non-transparent nature of 
the paper, and the optimum angle was obtained at 150°. 

 
 

Figure 3. Benchtop system for optimizing the angles 
for incident and detection light. 

Figure 4. Light scatter intensities over scatter angle, 
varying Salmonella concentration. 

Using this setup and the optimized angle, the light scatter intensities were collected varying the target 
(Salmonella) concentrations. The paper microfluidic strips were pre-loaded with anti-Salmonella-conjugated 
polystyrene beads and dipped into a series of Samonella solutions varying their concentrations. The presence of 
target (Salmonella antigens) in the solution caused the antibody-conjugated beads to immunoagglutinate in paper 
fibers, thus increasing the effective diameter (and morphology) of the beads, resulting in the change in scatter 
intensities at the optimized angle. All data were normalized to that of a blank (PBS), and a standard curve was 
constructed (Fig. 5). The curve shows initial increase, followed by a dip, which is purely an optical phenomenon of 
Mie scatter as demonstrated previously by Mie scatter simulations (Fig. 6) [3], then by a continued increase until the 
antigen saturation occurs at 104 CFU/mL. This dip will become less pronounced through reducing the size of 
channels and the use of Tween 80 (thus limiting the growth of beads only up to doublets or triplets) [4]. 

 
Figure 5. Normalized light scatter intensity at 150° over 
target concentration using the benchtop system. Average 
of three different experiments. Error bars are standard 

errors. 

 
Figure 6. Simulated light scatter characteristics as the 
effective bead size grows upon immunoagglutination. 

The whole experiment was repeated, this time using two smart phones (iPhone 4), one as a light source (white 
flash) perpendicular to the paper and the other as a detector (digital camera) at 150° (Fig. 7). The acquired images 
were adequately cropped to show only the area of interest (antibody-conjugated beads zone) and the pixel intensity 
was averaged using the ImageJ software. In these experiments, Tween 80 surfactant was also pre-loaded in the 
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channel, in between the sample loading zone and the antibody-conjugated beads zone. In addition, the channel width 
was substantially narrower (1 mm). 

The resulting standard curve (Fig. 8; average of three different experiments, each time with different paper strips 
and different reagents/samples) does not show dip at 102 CFU/mL and the detection limit is again 10 CFU/mL. 
However, the data at 103 CFU/mL became erratic. In fact, only one data set showed continued increase in normalized 
scatter intensity while the other two showed the normalized scatter intensities the same as that of PBS. This indicates 
that the highly concentrated Salmonella solution could not travel to the antibody-conjugated beads zone for those 
two cases, i.e., no immunoagglutination occurred. Further investigation is necessary to address this issue. The overall 
normalized scatter intensities in Fig. 8 were smaller than those in Fig. 7, primarily due to the presence of Tween 80 
and the narrower channel width, which limited the growth of beads, as well as the lower resolution of the camera 
(8-bit for each color) compared to 16-bit of a spectrometer. 

 
Figure 7. Two smart phones replaced the Ocean Optics 
light source, Ocean Optics miniature spectrometer, and 

a pair of optical fibers to measure light scatter 
intensity. 

 

 
Figure 8. Top inset: the layout of a “new” paper 

microfluidic strip with narrower channel and pre-loaded 
Tween 80. Bottom: normalized light scatter intensity at 

150° over target Salmonella concentration using the 
smart phone system. Average of three different 
experiments. Error bars are standard errors. 

Future work should include designing and fabrication of a small reader device [5] that can accommodate the 
paper microfluidic strips and a single smart phone (for both light irradiation and image detection), to detect at a 
specific optimized angle (150°). Alternatively, a multi-channel paper microfluidic strip can be designed and 
fabricated with multiple negative control channels, which can be used to normalize the scatter reading at any 
(acceptable) angle of detection. A smart phone software application should also be developed that will quantify the 
extent of Mie scatter from the acquired digital images. 

The proposed system demonstrates a strong potential to be used in field situations at extremely low cost. 
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DEVELOPMENT OF LIGHT-DRIVEN H2/O2 GENERATION CHIP FOR  
MICRO FUEL CELL DEVICES 

Yasuhito Kajita1, Yuriy Pihosh1,2, Kazuma Mawatari1,2 and Takehiko Kitamori1,2 
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ABSTRACT 
   At present work, we report on the development of fuel generation chip driven by the solar light for portable 
micro fuel cell devices. In the chip, fuel (H2 and O2) are generated by the integrated photocatalyic water splitting 
system utilizing bottom up and top down technologies. Generated gases are separated by specially designed 
hydrophobic modified channels. We describe the device concept and fabrication technologies to integrate the 
photocatalytic system (which is based on TiO2 brush type nanorods structure) in the microchip. Also we demonstrate 
the working principle of the H2/O2 generation microchip under the solar light and the maximum of photocurrent 
density ~35-20 μA/cm

2 has been recorded during the gas generation and separation.  
 
KEYWORDS 
Fuel generation, Light-driven, Photocatalytic water splitting, Gas-liquid separation.  

 
INTRODUCTION 

Recently micro fuel cells have been considered as a new potential power source such as powerful batteries for 
portable devices. Traditional fuel cells require an external fuel supply system which leads difficulties for device 
miniaturization. To develop a new type of micro fuel cell, we have to combine micro fuel cells with the micro fuel 
generation device. The photocatalytic water splitting is suitable for the internal micro fuel generation device. Then, 
the combined device can be driven “just by solar energy”, where separation of the generated H+ and H2, O2 is 
required. Conventionally, such separation was achieved by utilizing proton exchange membrane (PEM). However, 
PEM has difficulty in micro integration due to low mechanical strength and deterioration in short time [1]. On the 
other hand, we already reported on specific properties of extended-nano space, such as enhanced proton (H+) 
mobility and high Laplace pressure, and these new findings can be useful for H+ and H2/ O2 separation [2].  

In our previous work, we developed the device structure of light-driven H2/O2 generation chip [3]. Also the 
working principle was verified and proved our basic concept of H2/O2 generation and the gas-liquid separation under 
light illumination. However, the incident photon to current efficiency (IPCE) under 0.5 V bias and UV light 
illumination was 0.016 %, which was approximately 500 times lower than conventional photocatalytic water 
splitting in bulk. The reasons for low IPCE are TiO2 photoanode structure and the integration method. To improve 
the performance, we have to develop a new photoanode structure and also new strategy for the chip fabrication 
method for efficient water splitting. 

In this paper, we report on the fabrication of TiO2 nanorods structure and on the new technologies to integrate the 
photocatalytic system in the microchip. The evaluation of the photocatalytic water splitting and the gas-liquid 
separation are also discussed.  

 
PRINCIPLE 

To achieve the photocatalytic H2/O2 generation and separation in the micro-space, we proposed the structure of 
the chip which is shown on Fig.1. The proposed concept consists of three parts: (1) photocatalytic water splitting 
system, (2) H+ transfer and H2/O2 separation system, and (3) gases separation system. For part (1), TiO2 photoanode 
and Pt cathode are integrated into the microchannels. The microchannels (in part 2) are bridged by extended-nano 
channels (400 nm wide, 200 nm deep), and finally the shallow micro channels which are located to parallel deeper 
micro channels (see Fig.1) are partially modified by fluoropolymer solution for part (3), the gas-liquid separation [4]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: The concept of the H2/O2 generation chip. ( a=600μm, b=7μm, a

’ 
=400μm and b

’ 
=1μm). 
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Figure 4. Experimental setup for photoelectrochemical 
measurement. 

Figure 2. Fabrication of TiO2 brush type nanorods. (A)GLAD principle and                               
       (B) structure of new photoanode.  

A B 

Figure 3. Low temperature bonding.(A) The protocol of chip fabrication (low temperature bonding and 
partial modification).(B) Snap shot of fabricated chip. 

When the photoanode is illuminated by the solar light, water can be photocatalytically decomposed to O2, H+ and 
e-. Proton is transferred to Pt cathode through the extended-nano channels and then H2 is catalytically produced. On 
the next step, the generated gases are separated with help of hydrophobic shallow micro channels. During these 
processes, the generated gases cannot be introduced into the extended-nano channels due to high Laplace there. In 
our previous work [3], we already reported on details of the working principle of proposed device. However, IPCE 
value under UV illumination and 0.5 V bias was quite low. The first problem is chip fabrication method. The chip is 
made of two fused silica substrates that are bonded each other at 1080 degree celsius which leads to the damage of 
TiO2 photoanode and decreasing photocatalytic activity. The second problem is the conductive layer of photoanode. 
At previous work [3], we utilized Pt for conductive layer, however the Schottky barrier occurred between the Pt and 
the TiO2 layer which resulted interferes of the electron transfer. To overcome these problems and to achieve the 
efficient photocatalytic water splitting, we developed new TiO2 nanostructured photoanod and new chip fabrication 
methodology. 
 
EXPERIMENT 
   The fabrication process of TiO2 photoanode (which is based on brush type TiO2 nanorods structure) is shown in 
Fig. 2, and it was realized by the combination of the Glancing Angle Deposition (GLAD) and the anodic anodization 
techniques, respectively. In the GLAD regime, the angles measured between the substrate normal and the direction 
of incident flux are typically bigger than 80°. Therefore atoms that have already been deposited on the substrate 
create shadows behind them and shields that area from other incident atoms. The shadowing effect and limited atom 
diffusion eventually produce a nanostructure of small isolated columns slanting toward the incident beam [5]. After 

the integration of Ti 
nanorods on the 
conductive ITO-Au/ITO 
layer (which is located in 
microchannel), the 
sample was anodized and 
later TiO2 brush type 
structure was converted 
into anatase structure by 
the annealing process at 
450⁰C.  

 
Then, we utilize the low temperature bonding (at 100℃) [6] and fabricate the new H2/O2 generation chip (see 

Fig.3). After the chip fabrication, we performed two kinds of experiments to demonstrate the improvement and the 
working principle. The experimental setup is on Fig. 4. 

 
The photoelectrochemical performance of the fabricated chip was evaluated using a three-electrode configuration 

with TiO2 brush type nanorods as photoanode, 
Ag/AgCl as reference electrode and Pt as the 
working electrode. As electrolyte NaClO4 aqueous 
solution (0.5mol/L) was introduced into the channels 
except hydrophobic microchannes. The potential and 
photocurrent of photoelectrode were controlled by a 
potentiostat. At first, we observed H2/O2 generation 
and separation under UV light and bias voltage (0.25 
V vs Ag/AgCl reference electrode) through a 
microscope. To evaluate the photoelectrochemical 
performance of the chip, we measured the 
photocurrent under the solar light simulator 
(PEC-L01, Peccell Tech. Inc., Japan).    
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Figure 6: Photocurrent under solar simulator. 
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RESULTS AND DISCUSSION 

The results of the H2/O2 generation and separation are shown on Fig. 5. Under 0.5 V bias and UV light (=365 

nm, 86 mW/cm
2
), we observed the H2/O2 generation and separation. During the light illumination, H2 and O2 gases 

bubbles were formed on the surface of Pt cathode and TiO2 photoanode, respectively. When the bubbles grow and 

reached the edge of the 

hydrophobic shallow 

microchannels, they are separated 

to the shallow hydrophobic 

channel due to Laplace pressure 

witch enhance the gas 

introduction but prevent the water 

introduction to hydrophobic 

channel. These results clearly 

indicate the gases generation and 

separation driven by UV light 

illumination.  

In next step, the working 

principle of the microchip has been 

verified under the solar light 

illumination by measuring the generated photocurrent and result is present on Fig. 5. When the light is on, the 

photocurrent jump to the value about 60 μA/cm
2
 and late it is saturated and stabilized in constant value about 35 

μA/cm
2
. After 40 seconds of illumination, the 

photocurrent value periodically started to sweep. This 

sweeping characteristic can be explained by the gas 

generation and the separation. When the gas bubbles 

are generated, the bubbles cover the electrode (see Fig. 

4) and interfere the reaction, which resulted in the 

photocurrent degreasing.  When the bubbles are 

removed from electrode, the photocurrent increased 

again. We also measured the IPCE under UV region 

and the maximum value ~ 12 % was reached, which is 

around 750 times higher compared to the our previous 

work [3], and ~ 1.5 times higher than reported value 

for the bulk experiments based on TiO2 flat film. 

 

CONCLUSION 

In this work, we developed new TiO2 brush type nanorods structure and successfully integrated it into the micro 

device in form of photoanode for efficient H2/O2 generation. With our new TiO2 photoanode and chip fabrication 

methodology, H2/O2 generation and the separation under the solar light illumination was demonstrated for the first 

time. From these results, we can conclude that we have established the new fabrication method of the light-driven 

micro fuel cell for efficient photocatalytic H2/O2 generation.  
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ABSTRACT 

Evaporative solvent exchange, a critical process in multi-step batch synthesis of positron emission tomography (PET) 
tracers, can readily be accomplished in poly(dimethylsiloxane) (PDMS) chips due to its high vapor permeability.  Early 
proof-of-concept chips, however, suffered reliability issues, such as clogged channels and stuck valves. We demonstrated 
in previous work that by controlling the evaporation in such a way as to fragment the partially-evaporated liquid leads to 
random distribution of solutes throughout the channel and avoids clogging. The chip presented here results in improved 
uniformity of solute residue by using a valve structure to subdivide the liquid sample before evaporation. 

KEYWORDS: Positron Emission Tomography (PET), Microfluidics, Cerenkov radiation, Radiochemical synthesis, 
Fluorine-18 

INTRODUCTION 
Microfluidic devices are promising platforms for synthesis of short-lived positron emission tomography (PET) tracers 

because they often enable faster and higher yielding reactions, and their small size minimizes the amount of radiation 
shielding needed and thus lowers the cost of producing PET tracers [1-2]. The synthesis of [18F]FDG (including multiple 
solvent exchange steps and reaction steps) has been demonstrated in microfluidic devices made of poly(diemthylsiloxane) 
(PDMS) but frequent device failures (such as leaking valves, stuck valves, clogged channels and high loss of 
radioactivity) during solvent exchange steps seem to have prevented more widespread use of this approach [3-4]. 

In previous research [5], we have studied the source of these failures using Cerenkov imaging, a technique that 
enables in situ quantitative analysis of the spatial distribution of the radioactivity within the chip [6]. We determined that 
the problem of high loss of radioactivity can be overcome by avoiding prolonged heating of the dry residue during the 
evaporation of solvent from the [18F]fluoride solution. Another finding was that the problem of clogging can be avoided 
by controlling the evaporation process. Evaporation of solvent was found to follow one of two distinct patterns: (1) If an 
air bubble is present prior to evaporation, vapor is removed from the liquid air interface and the interface gradually 
recedes while the solution becomes progressively more concentrated and eventually results in precipitation and clogging 
of the channel. (2) If all air initial bubbles are eliminated, evaporation occurs predominantly due to pervaporation of 
solvent all along the channel until the collapsing channels suddenly exhibit elastic restoration to their original size.  This 
fragments the liquid, and the ensuing evaporation of small amounts of liquid leads to random distribution of residue 
throughout the channel that prevents clogging. Unfortunately, at certain concentrations, we found that this preferred 
second pattern still caused channel clogging due to non-uniform deposition of the dry residue.  

Here, we demonstrate a new microfluidic chip design that provides better control over the evaporation process and 
ensures a more uniform distribution of residue that avoids clogging even at higher concentrations.  

DESIGN OF INTERDIGITATED 
EVAPORATION CHIP 

The new chip (Figure 1) to facilitate 
solvent exchange of more concentrated 
solutions is composed of three layers: top 
PDMS fluidic layer (blue), middle PDMS 
control layer (pink, red and green) and 
bottom glass substrate layer. The critical 
difference from previous designs is in the 
control layer: a large valve structure 
(green) was added, interdigitated between 
the vacuum channels (red) of the original 
design. This interdigitated “separate valve” 
subdivides the total liquid volume into a 
large number of small isolated 
subchambers. The operation of the 
interdigitated solvent exchange chip 
(Figure 2) includes four steps: (a) loading 
of initial solution, (b) subdivision of fluid, 
(c) parallel evaporation in subchambers 

 
Figure 1. Design of evaporation chip.  An interdigitated separation 
valve structure enhances solvent exchange.   
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Figure 4. Cerenkov images after different stages of solvent 
exchange: (a) after loading, (b) after subdividing, (c) after 
evaporation, (d) after elution.   

and (d) elution of dried residue in the new solvent. The 
separation valve separates the liquid into small isolated 
volumes before the evaporation step. Chambers remain 
isolated during heating, ensuring only the amount of solute 
originally within each subvolume is deposited in the 
subchamber after solvent evaporation. 

EXPERIMENT 
The microfluidic chip was operated inside a light-tight 

box with a sensitive lens-coupled CCD camera [5]. The fluid 
was driven by nitrogen pressure along the flow channel and 
controlled by pneumatically-actuated microvalves in the chip. 
A Peltier system was used to control the temperature of the 
chip. 

During experiments, the distribution and relative quantity 
of radioactive solution within the chip were monitored by 
Cerenkov imaging. For each experimental run, Cerenkov 
images were taken after sample loading, after subdivision of 
the fluid, after evaporation and after elution. The images 
were then processed by dark current correction, flat field 
correction and decay correction and the amount of 
radioactivity lost or remaining after each step was quantified. 

 
RESULTS AND DISCUSSION 

Figure 3 shows optical micrographs of the solvent exchange process (using a solution of green food dye). In each 
small isolated chamber, the solution of food dye shrinks during heating and becomes more and more concentrated and 
darker during the process. After the solvent is completely dried out, small dark green spots of concentrated residue can be 
observed (Figure 3d). We also tested two different concentrations of solutions of salt (K2CO3) and phase transfer agent 
(Kryptofix K222) in 80:20(v/v) MeCN:water. This solution is used in the synthesis of many PET tracers during the 
[18F]fluoride dryng process to remove residue water from bombardment in the cyclotron target.  In both cases (2.6mM 
K2CO3 / 5.2mM K222; and 26mM K2CO3 / 52mM K222), dry residues had uniform distribution in the microfluidic chip 
after the drying process, and no clogging was observed. 

Next we repeated these experiments with [18F]fluoride added to the above solutions. In Figure 4, we show Cerenkov 
images from drying of a [18F]fluoride solution containing 26mM K2CO3 and 52mM K222 and 50µCi/µL of [18F]fluoride. 
Figure 5 compares the [18F]fluoride distribution after the “burst” evaporation pattern observed in our previous work [5] 
and in the new chip with interdigitated separation valve. It can be clearly seen that the [18F]fluoride residue is distributed 
more evenly after evaporation in the interdigitated chip. Performance of four consecutive solvent evaporation processes 
in the same chip is summarized in Figure 6 by analyzing the quantitation of radioactivities in Cerenkov images. During 
these four experiments, the loss after drying is less than 15% and less than 5% of the radioactivity remains stuck in the 
chip after elution with 0.5mL MeCN. Consecutive solvent exchange processes could not reliably be performed at this 
concentration in the previous chip design where we relied on burst evaporation to randomly distribute the residue.  

 

 
Figure 3. Micrographs of green dye-filled chip 
during solvent evaporation. 

 
Figure 2. Schematic of solvent exchange process.  
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Figure 5. The distribution of [18F]fluoride after drying in 
(left) the previous chip after burst evaporation, and (right) 
the current chip with interdigitated separation valve. 

CONCLUSION 
We developed a new microfluidic chip with an 

interdigitated valve structure that can achieve uniform 
distribution of solute residue after evaporation (e.g. 
drying of [18F]KF/K222 complex in the synthesis of PET 
tracers). This chip enhances the solvent exchange step 
and enables solutions with higher salt concentrations to 
be dried without clogging channels. The microfluidic 
chip solves a critical problem observed in previous work 
in PET tracer synthesis in PDMS chips. 
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Figure 6.  Radioactivity remaining at each step of four 
consecutive drying experiments (different color lines and 
markers) in the same chip.   
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